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ABSTRACT 



A robot for perfomdng a working operation on a surface. 
The robot con^ses a j&ame v/tdch supports a pair of 
parallel tracks. An endless link chain is mounted for travel 
on each track and each chain is driven by an independent 
motor mounted on the frame. Each track is provided widi at 
least two recesses with each recess having an open side 
facing tiie respective chain. A series of vacuum cups are 
mounted on each chain and are ad^ted to engage the surface 
to be traversed. A first series of ports connect a first recess 
of each track and a first group of vacuum cups on each chain, 
while a second series of ports communicate between the 
second recess of eadi track and a second group of vacuum 
cups. A scNuce of vacuum is connected to the recesses and 
acts through &e ports to the respective vacuum ciq>s to 
enable the vacuum cups to grip the surfiace. In a prefened 
manner of use, the robot is employed widi a laser tracking 
system in the non-destructive inspection of an aircraft. 

6 Claims, 4 Drawing Siects 
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METHOD FOR N0N-BEST1^UCTIV£ A pair of flexible trac^ are mounted on the frame and an 

INSPECTION OF AN AIRCRAFT endless member, sudi as a link chain, is mounted for tzavel 

on each of the tracks. Each chain in independently driven by 

This is a division of ^iplication Scr. No. 08/063^, ^ separate motOT which is moainted on the frame, 
filed May, 18, 1993, now U.S. Pat No. 5,487^. 5 Each of tiie tracks is fonned witii at least two channels 

with each channel having an open side fadng the respective 

BACKGROUND OF THE INVENTIDN chain. A series of vacuum cups are mounted on each chain 

Robodc devices have been proposed for peifonning a & scdes of fiist ports are connected between a first of the 

working operatioiu such as p|Mnipg or pnikhing surfaces, channels of cadi track and a first group of vacuum o^s, 
that are not accessible to nonnal mnnii fli openttions. Jn lo * second scries of ports provide communication 
general, the robotic devices have been used on flat or planer between a second diannel of eadi track and a second group 
surfaces such as windows. Imflding panels and the like. The of vacuum^. The first and secondgroiqn of vacuumcups 
typical robotic device indudes a pair of endless belts or are preferaMy m a irfm a t i ng sequence, 
tracks, each earning a series of vacuum cims. The beits are Native pressure or a vacuumis applied to ead& channel 
independently and remotely driven to move the device 15 ««il?«»ce through the ports to the vacuum cups, thus 
aooss the surface to be treated, and a source of vacuum, the cups to gnp a surface to be traveled, 

such as a vacuum pun^), is connected to the vacuum cups to ^ * prefened form of the invention, each track is formed 
create a negative iH-essure within the cups so that the cups pair of side-by-side channels and die vacuum is 

can gr^ the surface and enable the robotic device to move applied independently to all four channels. In this 
over inclined or vatical surfaces. A typical robotic device 20 embodiinent a first series of ports in flic cham register with 
can operate on smooth continuous surfaces but if flic device ^ *^ channels, ^^lilc a second scries of ports in 

moves across an obstruction or crack in a vertical or inclined r^tcr wifli flic second and f oarfli channels. As 

surface, die vacuum may be lost, resulting m flie device flie vacuumis appliedindcpendently to flic several channels, 
falKng from the surface. robotic device can move over gaps cr obstructions in flie 

Large commffdal aircraft are narmally washed and 25 surface wifliout losing vacuum in aU of the vacuum a^s. If 
waxedeverythirty days.Becauseoftfaelargcsizeandshape example, flie 6cvi^ moves over a cmck causing a loss 

of flic aircraft it is customary to erect a scaffold alwig side of vacuum m one of flic tcaci channels, flie vacuum will be 
flic aircraft and a number of workers supported on flie retained in flie remaining dianncls to fliercby maintain flic 
scaffold flien hand scrub flie outer surface of flie aircraft. device in griKang contact wifli die swface. 
After SOTibbing. the aircraft is waxed and polished using 30 In a pr eferre d emtwdnnent the robohc device is employed 
manual rotary buffers. The buffers are relatively heavy and non-destructive inspection of aircraft using a laser track- 

due to the large surface area of flie aircraft a buffimg ing system. In flns cmboduMt one or marc laser units are 
operation is a tedious and time consuming operation. The mounted on flic ground adjacent the air-craft and a retro- 
entire operation of scrubbing, waxing and buffing flie aircraft rcflertor or cats-eye is mounted on a support carried by flie 
usually takes a period of 20 to 30 hours utiUzing 10 w(Hkers. 35 robotic device. The siq>part is sUdablc relative to flic robotic 

Commercial aircraft are also subjected to a non- device and is biased downwardly so that a shoe or sensor 
destructive inspection after 7,000 cycles of pressurization. ^ against flie surface of flic 

Eaditake-off andlanding in wMch flie aircraft is pressurized ^ flie r<rtx)tic device moves m flie desired pafli of 

is considered to be a pressurization cyde. m flie typical travel over flie aircraft siuface, the sensor or shoe rides on 
non^tructive inspection, flie pahit is stripped entirely 40 surfa^, and flir(wgh flie las^ ttackii^ ^f*?^ 
from flie aircraft and flie seams and rivets are manually ^ "^^^ The aircraft is fljcn 

inspected. If a defect is observed during flie inspection, flie F^sittized and the ^ffface is again mapped imd any surface 
area of flie defect is marked and is subjected to an eddy- deviations, outade of a given tolerance, mdicate possible 
current sensor to detennine flie magnitude of flie defect defects in flic aircraft surface. 

After flie manual inspection flie aircraft is repainted and 45 The use <tf flie robotic device along wifli flie laser tracking 
subsequenfly waxed and buffed. system, to provide non-desttuctive inspection of a aircraft 

The nonnal paint stripphig. inspecting, rwiainting and eliminates flie manual paint strftrjang, visual inspection, 
waxhig operation is extremely time-consuming and labor rqjainting and waxing of flie aircraft as is normally used and 
intensive,resultfnginasubstantialexpenditure.Asaforther therefore substanflally reduces the ovmU time and cost of 
prohlaii flie paint stripping operation presents a serious 50 flie non-destructive inspection. As a furflicr advantage, flie 
rnvironmental problem, in fliat mefliylene chlaide is gen- mcfliod of flie invention eJiininatcs flie use of toxic solvents 
cxally used as flic sohrcnt to remove flic paint and fcr a laigc ^ normally used to stnp flic jaint from flie airoaft 

aircraft, such as a Boeing 747, upwards of 1.000 gaUons of andcorrespondmgly ctim^ 
mefliylene chloride may be required to strip the paint from ^ ^ wifli flic use of such solvents, 

flie aircraft. As mefliylene chloride is toxic and presents an 55 In a second emboduncnt of flie invention flie robotic 
environmental problem, pollution abatement equipment is d^cc can be employed to move a working implement over 
necessary in order to remove flie solvent fumes from flie aircraft of oflicr surface. The working implement can be 

paint stripping area. * rotary scrabbcr. buffer, paint sprayer, or flic like. By 

utilizing the robotic device to perform these working opcra- 
SUMMARY OF THE INVE^mON ^ ^^^^ extensive hand labor normally required to wash. 

The invention is directed to a robotic device for perform- wax and or paint an airaaft or other surface is substantially 
ing a working operation on a surface and has particular reduced. As a further advantage, a robotic device enables a 
i^lication to performing a working operation on a con- constant application of pressure to be ^lied through the 
toured surface having surface irregularities sud) as encoun- implement to the surface thus providing a more uniform 
tered in a conomercial aircraft. 65 cleaning and polishing operation. 

The robotic device comprises a supporting structure or The invention also can include a safety feature to prevent 
frame which supports an outer open bottom housing or hood. the robotic device from felling from flie surface in flie event 
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of failim: of the vacoum system. In this regard, a fan is 3, With this constmction there are four brackets 16 with a 

mounted in an opening or aperture in the outer housing and pair of the hradoets being located along each side of the 

if die magnitude of the vacuum drops beneath a pieselected device. 

vahre^thefanis operated to create a negative pressure widun Eacb hracket 16 also indudes a lower flange 17 ^i^ucfa 

the outa housing or hood to prevent the robotic device ficmi 5 extends outwardly and is secured to die iqiper siH&oe of a 

falling from die sui&ce. flexible track or guide 18, as seen in FIG. 3. Eadi trade 18 

Thexobodc device of the invention has die advantage diat is preferably formed of plastic material and is ccsmected 

it is capable of moving over surface deviations, such as between a pair of the brackets 16. In addition, a pair of 

bbstmcdons 0£ gaps widiout losing vacuum. Moreover the traces 19 extend transversdy of the device and connect the 

frame is con^)osed of flexible plastic material which enables tracks 18 togedier. 

die robotic device to f dlow the curved contour of an aircraft Tracks 18 serve to guide die lower run of an endless link 

or other surface to be treated. chain 20 as shown in FIG. 3. 

Odier objects and advantages will appear during the Tb:driw^flic^ciiiins^20:in:thcir endles s p^ 

course of the following descriptiwu spgDd^::21cisrmonnt^-ft)r"rotationnjut^ — 

^ ^ ^ *hradj3rtrl6iandvthc:-sprodficts:an:cadr^^ 

DESCRIPnON OF THE DRAWINGS engaged witti die respective diain. Eadi ^socket 21 is 

The drawings illnstrate the best mode presently contemr earned by a diafr 22 which extends outwardly from die 

plated for carrying out die invention. respective faracket 16, as shown in HG. 3. TTic aids <tf eadi 

In die drawin2s m *''^asi*l™*f^"^H3G. 5, are provided widilongi^ 

«r^^. 7^ ...... ^ open-ended slots 23 which receive die respective sprockets 

FIG.li5al<mg]tudinalseclionofdierobotu:deviceofdie 21. 

invendon, O^^^ ^cket of each longitudinal pair is an idler sprocket, 

HG. 2is a section talan along line 2— 2 of HG. 1; while the ottier sprocket 21 of each longitud inal pai r is a 

FKr. 3 is a section taken along line 3—3 of FIG. 2 and driven sprocket Td^drive:stherqirockct5-21fr,-an-dSic==^ 

showing die connection of the drive to one of die chains; mote? :24:is:locat(«rinwaidly^f die'bracket 

FBCr. 4 is an enlarged fragmentary longimdinal section ttaough^a ge»i>qx^25:wiflra^^^ 

taken along line 4-^ of HG. 3 and showing die vacuum 

connection die vacuum cups; s^^^liffivi^aSg^m^ 

FIG. 5 is a bottom view of die track wfth parts broken 30 |^^^^^KiS^^«S^^^^16!^JH0ckets 



FIG. 6 is an enlarged fragmentary longtodinal section aT L I 1 1^ toTT^u s u^!7 • 

showing die engag^ oftKT^^ sprocket; ^^^^^ T.J^' L ™ 1 ^ h 

and suj^orted on a guide bar 26. A pair of rods 27 extend 

p.. ^ . . . , ^ « as downwardly from cad) guide bar 26 and die lower end of 

FIG. 7 IS a schematic view showing die use of die robotic ^ one of die rods is connected to die respective track 18, ^x*ile 

deWjx along widi a laser tiaddng system in die non- dictowercndof die second rod is comiected to a manifold 

destructive uspectKm of an aircraft ^^^^ 28, wWdi is mounted on die ttadk 18. Cdl springs 29 

DESCRIPnONOFTBEILLUSTRAIED arc locrted about die rods 27 and urge die guide bar 26 

FMROnTMPKT 40 '^pwardly thereby acting to tension die chain 20. 

The construction of each link chain 20 is best illustrated 

FKjS. 1-6 show a robotic device Idiat can be employed in FIGS. 3, 5 and 7, achchato 20 is composed of a series 

to jKovide a wocUng operation on a smfaoeZ Surface 2 can rfjrivotally interconnected links 30 and a boss or tubular 

rfdicr be a planer or non-planer sut^, sudi as an aircraft, projection 32 extends outwardly from one side of eadi link 

building, bridge, storage tank, train or die Hke. 30 and is received widiin a flanged recess 33 in die ai^acent 

Rdxnic device 1 indudes an outer <^n bottom housing iinV Pius 34 provide a pivotal connection between die boss 

or hood 3, which is suppcsted by an internal frame 4. 32 of one link and the hinged recess 33 of the adjacent fink. 

Housing 3 is coii^x>sed of a rectangular side wall 5 and a The hinged bosses 32 are adq)ted to be engaged by notdies 

generally flat upper surface or top 6, having an opening 35 in the respective sprockets 21, as best seen in FIG. 6. 

diereio uiiich is bordered by a generally curved upwardly ^ As shown in FIG. 3, die hinged connections 32 of chain 

extending flange 7. A scries of braces 8 extend diametrically 20 are guided for movement widiin a coitral groove 38 in 

across die opening in flange 7 and sqiport a retronreflector track 18 and eadi chain link is provided witii a pair of 

or cats-eye 9 to be used in a laser traddng system, as will be outward^ extending ears or flanges 30fl which are lecdved 

hereinafter described. widiin guideways 38a in the track. The engagement of 

Secured to die lower edge of sidewall 5 is a strip 10 55 flanges 30a wiUi guideways 38a prevents downward dis- 

having a downwardly facing groove which recdves the placement of the chain 20 from track 18. 

i^per edge of abrush seal 11, as shown in FKi. 3. Brush seal A series or row of vacuum cups 39 are mounted on die 

11 indudes a phiraliQr Gi fine, syndiettc, flexible brisdes outer surface of each chain 20, as shown in FIG. 3. The base 

fiHmcd of a material such as nylon wtd<^ engage die surface 40 of eadi cup 39 is secured by screws 42 to die chain links 

2 and provide a seal to the surface. ^ 30. Eadi chain link 30 is provided widi a pair <rfsidc-by-side 

Frame 4 consists of a pair of inverted V-shape frame holes 43a and 43b^ and one of the holes 43a registers with 

members 12 which extend transversely of the bousing 3 and a hole 44 in the base 40 of die vacuum cup 39. 

eadi frame monber 12 includes an upper flat section 13, Mounted on the upper surface of chain 20. as shown in 

which is secured to die under surface 6 of housing 3. In FIG. 3, is a flexible plastic belt 45. A scries of tubes 46 arc 

addition, each frame member 12 is provided widi a pair of 65 formed integrally widi die belt and project dirough die 

lower, horizontal flanges 14 and each flange 14 is secured to aligned holes 43 and 44 in chain links 30 and vacuum cup 

die upper flange 15 of a bracket 16, as best shown in FIG. 39. as shown in FIG. 3. One group of vacuum cups 39 have 
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holes 44 aligned with hdes 43a, while a second group of £ramc 62, wfaidi is pivotaUy connected to a pair of lugs ^ 

vacuam cops have holes 44 aligned with holes 43b. ftefer- that cxtendiearwardiy from generally L-shaped brackets 64, 

ab]y tiie two groups of vacuum cups are in alternating that are connected to the rear fitame noember 12* as best in 

se^ence. Accocdingty, the tubes 46 are staggered and arc HG. 2. Three yokes 66 are connected to frame 63 and a 

insested\;dtfain the d^ed openings 43<i and 44, <v 436 s rotary buffer 67 is niounted for rotation in eadi yoke 66. The 

44. buffers 67 are designed to be individttally rotated by drive 

The surface of each track 18 facing chain 20 is formed motors located internal^ of the buffers, not shown. Suitable 

witti four grooves or recesses 47, 4S, 49 and 50. As seen in shields 68 are connected to the yokes and extend partially 

FIG. 5, grooves 47 and 4S are in side-by-side relation and over the buffos 67 to confine spr&y from the buffers, 

grooves 49 and SO are in side-by-side relatian and are spaced The buffers 67 are urged downwardly into contact with 

longitudinal from grooves 47 and 48. surface 2 by an air cylinder unit 69. CyHnder unit 69 

AflexiMe trough or channel member 51 is mounted includes a cylinder 70 and a rod 72 is connected to one end 

wifliin grooves 47 and 48* and similarly a flexible diannd cylinder and is pivotally c onn ected to a pair of lugs 73 

member or trou^ 52 is mounted in grooves 49 and 50. Each project upwardly from bousing 3. A piston is slidable 

channel member 51 and 52 includes a pair of side by side widiin cylinder 70 and a piston rod 74, which is connected 

channels 53 and die g^anwaU 53 of channel member 51 are to the piston, extends from the q>posite end ctf the cylinder 

located wittiin giooves 47 and 48, while the channels 53 of pivotally connected to higs 75 ^ extend upwardly 

channel meniber 52 are located within grooves 49 and 50. from frame 62, By extending cjdindcr unit 69, down pees- 

Each diannel member 51 and 52 is provided with a fladble sure can be lulled through buffer 67 to smfrK^ 2. By 

peripheral lip 54 wfaidi is engaged wj& and rides against of ^ retracting the cylinder unit 69, the frame 62 and buffers 67 

belt 45, as shown in FIG. 3, thus providing a seal between can be pivoted upwardly out of contact with surface 2, as 

die channels and die belt. shown by die dashed lines in HG. 1 

The channel members 51 and 52 are urged in a direction WhEc die drawings illustrate the working implements to 

toward the respective phain 20 by a waffle spring 55 which take the form of rotary buffer 67, it is contemplated that 

is located between the central portion of each channel ^ various types of working inq)lements can be substituted, 

member and the lower surface <tf the track 18 as seen in FKj. ^ scrubbers, waxers, paint qiplicators and the tike. 

3i As a feature of the invention* a provision is incorporated 

As best illustrated in FIG. 4, a block 56 is fooned to prevent the robot from falling from a vertical inclined 

integraUywithdieiQipersnrfaoeofeaGfadiannelmensberSl surface 2 in die event there is a failure in the vacuum system, 

and 52, and a mpp]c Sf extends outwardly from eadi block. ^ this regard, a fan 76 is mounted hi the opening in flange 

Eadi nqifde is connected ttsrough an btemal passage in 7 wMch extends ijpwardly from housing 3* Fan 76 includes 

block 56 with die interior of die respective channel 53. & hollow vertical shaft 77 which is driven by a motor 78. 

Hibes 58 connect nipples 57 to manifold Uodc 28 wfaidi is Motor 78 is supported widdn the opening hi flange 7 by a 

mounted on flie t ra ck 18. A source of negative pressure or 3 ^ series of diametrically extending braces 79* 

vacuum, such as a vacuum pump, is ccmnected tfarougfa A sensor, not shown, will sense the magnitude of the 

conduit 59 to manifold 28 and duough suitable valving in vacuum or negative pressure in the vacuum system ff the 

the mamfold the negative pressure is i^Iied through tubes vacuum decreases to a pre selected value, the fan 76 will be 

58 to die four channels 53. Tfae negative pressure is then operated to create a negative pressure widiin the housing 3 

^lied from each channel 53 through tube 46 in belt 45 to 4^ to prevent the robot from falling from surface Z The brush 

the corresponding vacuum cups 39. The use of die multq>le seal 11 which is mounted on die pcrq>heral edge of die 

channels 53, eadi being individually connected to a source bousing 3 and is engaged with the surface 2, cooperates with 

of vacuum, prevents the entire loss of vacuum to tfae robot the fan to enable a negative pressure to be oealed widdn die 

if die robot should traverse an obstrucdon, crack or other bousing. 

surface deviation. For example, if the robot should move 45 HG. 7 illustrates a preferred embodiment of the invention 

longitudinally over an elong^ed crack with die crack being in which die robot 1 is utilized for non-destructive inspec- 

aligned with the grooves 47 and 48, the vacuum in the tionof an aircraft In diis embodiment, the retro-ieflector<x' 

channels 53 located in grooves 47 and 48 may be lost, but cat's eye 9 is *nniint«i on the upper end of a rod 80 that is 

the vacuum will be retained in the diannds 53 located in die slidable within die hollow fan shaft 77. The lower portion of 

grooves 49 and 50, thus preventing die robot from frdling ^ rod 80 extends fredydirough motor 78 and die lower end of 

from a veiticai or indmeid surface. Similariy, if the i«>bot tfae rod 1 Is provided widi a sensor or shoe 82, which is 

should move across a transverse crack die vacuum may be ad^sted to ride on the surface 2 of aliciaft 83. Sensor 82 is 

tost in apair of side-by-side cfaaimeb 53, but the other pair biased downwardly against die aircraft surface 2 by a coil 

of side by side channels wili retain the vacuum to maintain spring 84. which is interposed between die motor 78 and die 

the robot in contact widi the surface. upper surface of the sensor. 

In addidon. a flexible valve member 60 is connected by in the non-destructive inspection system, one or more 

screw 60a to die base 40 of each vacuum cup 39 and is in robots 1 are mounted to travel across die surface of die 

registry widi hole 44. Valve member 60 is contoured so diat aircraft 83. as illustrated in FIG. 8. In practice, three robots 

it is normally open, as shown in FIG. 3 to permit vacuum to 1 can be utilized along with six laser tracking units 85 when 

be drawn in cup 39. However, if cup 39 should travd over «) inspecting a large commercial akcraft. As shown in FIG. 7. 

a crack or obstruction in surface 2 causing air to enter the a movable carriage 86 is associated with each robot and . 

cup. the pressure dififercntial will move valve member 60 to indudes a vacuum pump that is connected by a suitable 

a dosed posidon rdative to hole 44 to prevent die air conduit 87 to die manifolds 28 on die robot In addition, 

entering cup 39 from flowing to die manifold block 28. electric feed tines not shown, are connected- between the 

The robotic device, as illustrated in FIGS. 1 and 2, can be 65 caxiiage 86 and die robot 1. As illustzated in HG. 7. one of 

used to move a working implement or attachment 61 across the carriages 86 is mounted to travd on an overhead track 88 

the surface 2 to be treated. The attachment 61 indudes a and is connected to a robot 1 which is adapted to move 
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across the upper surfaces of the aircraft S3, a second 
caniage 85 travels on the ground and is operably connected 
t<^ a second robot 1 tbsX traverses the lower surface of the 
aircrafL 

In carrying out the non-destructive inspection, the 
vacuum system is initially started to create a vacuum in the 
vacuum cups and enable the robot to adhere to tiie sucfoce 
cf the aircraft S3. Hie aircraft has certain tooling locations, 
or dqpressaons, located at various positions on the buoyancy 
line, wfaicfa are used as reference points to take dfi^en^ons 
(hning ttte mamifactme and set-i^ of the aircraft These 
dqxressed refetenoe points are generally rcfened to as 
fidudah. Through a radio controlled unit, the motors 24 on 
the robot 1 are then actuated to move the robot over die 
aircraft surface until the sensor 82 is engaged with a fidadaL 
Hirough ihe computer of the laser system, diis is «^M?«hH 
as an origin poinL 

As a laige airaaft generally has a number of fidudals , tiie 
robot is moved and engaged with eadi fiducial to obtain a 
series of origin points. 

The desired operating program as selected in the 
caajpatetj dien actuates the program to operate the motors 
24 to move the robot In die desired path of travel on tiie 
aiioaft surface. At dds time, & interior <tf die aircraft is 
imder atmospheric pressure. As die robot moves across Ifae 
atrccaft surface tlie sensor 82 willride on the suifk» and wOl 
move relative to the frame of the robot 

As described in die tracking system of U.S« Pat No. 
4,714339, a laser beam is directed from tracking unit 85 to 
the ta^et, wUdi is die retro-reflector 9 mounted on housing 
3, and the retro-ieflector reflects a beam bade to a tracking 
unit 85. Photosensors attached to die tracking unit provide 
error signals to a servo system, which controls optics at die 
tracking unit to provide the dtecdon necessary to accom- 
plish the coinddenoe of the beams. The separation of die 
inddent or source beam and the reflected beam are measured 
and by measuring die direction of the beams reladlve to die 
tracking unit or tracking point, die target can be located hi 
spatial coordinates and the oiicntadon of the retro-reflector 
9 can be continuously determined, dms providing a surface 
m^ of die aircraft 

After die snrfoce mapping of the entire aircraft has been 
completed, die interior of tlie aircraft is then pressmized at 
about 1 atmo^here of pressure and die siufaoe m^iping 
operation is repeated. Jf any portion of the aircraft surface 
shows a deviation under pressurized conditions b^ond a 
given tolerance it can indicate a potential defect k the 
surface, such as a crack or faulty rivet Any potential 
defective area can then be manually inspected. 

By using the robot 1 in conjuncdon widi a laser tracking 
system, surface m^^^g of the aircraft can be accomplished 
to determine potential areas of defect without the necessity 
of stripping paint from die aircraft surfecc and widiout die 
need of a manual inspection of die entire aircraft surface. As 
the paint str^ing, manual inspection, repainting and wax- 
ing operations are eliminated, die overall thne and cost for 
die inspection is gready reduced. 

As a furdier and unixirtant advantage, the invention 
eliminates the need of incorporating pollution control 
equipment, which is necessary for normal paint stripping 
operations. Stripping of the paint from a large commercial 
aircraft, sudi as a Bodng 747, normally requires more than 
1,000 gallons of solvent, such as metiiylene chloride. As die 
solvent is toxic, and creates a potential environmental 
hazard, pollution control equipment is necessary to restrict 
the escape of solvent v^ors. 
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Jt is preferred diat tracks 18, as well as frame 4, be 
constructed of flexible plastic m^crial so that die robot can 
oonfosm to contoured surfaces. 

^ Various modes of canying out the invention are contemr 
plated as being widiin the scope of the following daims, 
particularly pointing out and distinctly rlafmlng die subject 
matter whidi is regarded as die invention. 
I daim: 

IQ 1. A method for non-destru^ve inspection of an aircraft, 
comprising die steps d positioning a robot on die outer 
surface of an aircraft, mounting a surface sensor for move- 
ment on the robot and positioning die s^or in contact witii 
the outer surfrux of die aircraft, maintaining die ioleriar of 

j5 the aircraft at a first p res sm c, moving the robot in a selected 
padi of travd over said surface widi said sensor dding on 
said surfrice and moving relative to said robots tracking die 
movement of said sensor to provide a first continuoas 
measurement of die spatial coordinates of said sensor* 

2Q pressurizuig die interior of die aircraft to a pressure greater 
than said first pressure, repeating the steps of moving die 
robot and traddng die movement of die sensor to provide a 
second continuous measurement of the spatial coordinates of 
the sensOT, and caxapaihig the first measurement with the 

25 second measurement to detetiiiine whether die spatial coor- 
dinates at any sdected location on said airaaft outer smf aoe 
are outside of a given toloanoe. 

2. The mediod of daim 1, wherein the step of mounting 
the sensor for movement oonqirises mounting die sensor for 

30 movement on the robot in a direction normal to tliedtection 
of travd of ttie robot 

3. The method of daim 1^ wherein die first pressure is 
atmospheric pressure and the second pressure is above 
atmospheric pressure. 

35 4. The method of daim 1, wherein the step of tracking the 
sensor comprises mounting a retro reflector on the sensor; 
directing an inddent laser beam from a laser tracking nnii 
toward the retro reflector, reflecting the beam firom die retro 
reflector back toward die laser tracking unit, and oon^Miing 

40 die incident beam widi the reflected beam to provide a 
measurement of the q»dial coordinates. 

5. The mediod cf daim 1, and indnding die st^ of 
biasing the sensor into contact with said outer surface. 

6. A method for non^destrucdve inspection of an aircraft, 
45 con^aising die st^ of positioning a robot on a surface of 

an aircraft, mounting a smface sensor for movement on die 
robot and positioning die sensor In contact widi die surface 
of the aircraft, maintaining tiie interior of die aircraft at a first 
pressure, moving the robot in a sdected path of travel over 

50 saKl surface with said sensor riding on said surface and 
moving relative to said robot, directing an inddent laser 
beam from a laser generating unit located a remote location 
relative to said idbot toward a rctro-rcflecCor mounted on die 
sensOT, reflecting the laser beam from die rctrcMcflcctor 

55 back toward the laser generating unit, comparing die ind- 
dent beam widi die r^ected beam to provide a first mea- 
surement of spatial coordinates of the sensor, subjecting the 
interior of die aircraft to a second pressure different from 
said first pressure, repeating die steps of moving the robot 

^ and tracking the movement of the sensor to provide a second 
continuous measurement of die spatial coordinates of die 
sensor, and comparing die first measurement widi the second 
measurement to determine v^edier the ^latiai coordinates at 
any sdected location on said aircraft sur&oe are outside of 

^ a given tolerance. 

* ♦ ♦ ♦ ♦ 
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[57] ABSTRACT 

The present invention is an automated crawling robot system 
including a platform, a first leg assembly, a second leg 
assembly, first and second rails attached to the platform, and 
an onboard electronic computer controller. The first leg 
assembly has an intermittent coupling device and the second 
leg assembly has an intermittent coupling device for inter- 
mittently coupling the reactive first and second leg assem- 
blies to a particular object The first and second leg assem- 
blies are slidably coupled to the rail assembly and are 
slidably driven by motors to thereby allow linear movement. 
In addition, the first leg assembly is rotary driven by a rotary 
motor to thereby provide rotary motion relative to the 
platform. To efifectuate motion, the intermittent ooi^ling 
devices of the first and second leg assemblies alternately 
couple the respective first and second leg assemblies to an 
object This motion is done while simultaneously moving 
one of the leg assemblies linearly in the desired direction and 
preparing the next step. This arrangement allows the crawler 
of the present invention to traverse an object in a range of 
motion covering 360 degrees. 

11 Clahns, 8 Drawhig Sheets 
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MULTIFUNCTION AUTOMATED Many current crawling systems are heavy, are complex to 

CRAWLING SYSTEM operate and maneuver, have high power requirements 

involved with preparation time between steps and have low 

This is a divisional of appUcation Sen No. 08/691^, payload/crawler weight ratio. Moreover, since these current 

filed Aug. 1, 1996 Ser. No. 5^90^53. 5 crawling systems are designed for specific tasks, they have 

limited uses and cannot be utilized for a variety of tasks. 

BACKGROUND OF THE INVENTION Further, existing crawling systems do not have carrying 

areas for carrying observation cameras, sensors and sensor 

1. Origin of the Invention manipulation devices, and data gathering equipment such as 
The invention described herein was made in the perfor- computer processors, for transporting hazardous materials, 

manoe of work under a NASA contract, and is subject to the for retrieving items and objects, etc. 

provisions of Public Law 96-517 (35 use 202) in whidi the Therefi)re, what is needed is a portable, user friendly 

contractor has elected to retain title. automated robotic crawling system that can move rapidly 

2. Field of the Invention ^ range of motion, perform a wide 
TTie present invention relates to automated robot systems, is ^^^Jy f^^s in all types of en^nments, inchiding 

and in particular to an automated crawUng robot with hostile ciwironments^ and access difficult to reach areas. 

muhifimctionalpurposes.5uchasperforminglaborintensive ^hat is further needed is a crawlmg system that has a 

tasks and/or dangerous field tadcs. ^^^^^ observaUoo cameras, sensors and 

sensor aaampulation devices, and data gathering equipment 

3. Related Art g^^l^ ^ computer processors, for tran^orting hazardous 
Automated robotic crawling systems are needed to per- materials^ and for retrievipg items and objects. 

form labor intensive and dangerous fieki tasks in the areas of Whatever the merits of the above mentioned systems and 

structures inspection/repair. Typical tasks for crawling sys- methods, they do not achieve the benefits of the present 

terns include inspection of repairs of aircraft, detection of invention, 
cradcs, dents, corrosion, impact damage, delaminations, fire 

damage, porosity, and other flaws in structures. Also, crawl- ^ SUMMARY OF THE INVENTION 

ing systems are needed for the performatKe of specific tasks. To overcome the limitations in the prior art described 

such as hazardous material handling, including toxic mate- above, and to overcome other limitations that will become 

rials and bombs. apparent upon readiiig and understanding the present 

Qinent crawHrig systems include, for instance, a tank ^ specification, the present invention is an automated crawling 

crawler and a cruciform crawler. The tank crawler has a robot system with multifunctional purposes, 

body with a continuous belt having a vacuum pad with The automated crawling system includes a platform, a 

numerous suckers. Each sucker is cormected to an air duct first leg assembly, a second leg assembly, first and second 

inside the continuous belt and has a mechanical valve. For guiding rails attached to the platform, and an onboard 

each sucker, the valve opens mechanically when the sucker electronic computer coatroUcr. The onboard computer can 

touches the surface of a particular object to thereby allow the control the movement of the robot and can have prcpro- 

sucker to cling to the surface. A motor, timing belt, and grammed instructions or can accept remote commands. The 

timing pulley are located within the body and operate to turn first and second leg assemblies have intermittent coupling 

the continuous belt to provide the lank crawler with secure devices for intermittently coupling the respective first and 

movement over a surface of an object. ^ second leg assemblies to a particular object. 

The cruciform crawler comprises a horizontal spine and The first leg assembly is shdably coupled to the first rail 

vertical bridges. Both the horizontal spine and the bridges and is slidably driven by a first motor to thereby effectuate 

have plural suction cups for secure coupling to a particular linear movement of the first leg assembly relative to the 

object. In order to effectuate movement of the cnidfbrm platform. Similarly, the second leg assembly is slidably 

crawler, the vertical bridges are moved forward \n^ile the ^5 coupled to the second rail and is slidably driven by a second 

suction ci^s of the horizontal spine are secured to an object. motor to thereby effectuate linear movement of the second 

Next, the ^ine is moved forward while the suction cups of leg assembly relative to the platform. In addition, the first leg 

the vertical bridges are secured to complete one cycle. Each assembly is rotatably coupled to the platform and is rotary 

cycle produces linear movement of the cruciform crawler driven by a rotary motor to thereby provide rotary motion to 

across an object. 5q the first leg assembly relative to the platform. 

Although the tank crawler has proven useful for certain The intermittent coupling devices of the first and second 

tasks, the tank crawler is cumbersome, is large and bulky, leg assemblies alternately couple the respective first and 

and has limited movement For example, the tank crawler second leg assemblies to an object. Specifically, the crawler 

caimot perform difficult maneuvers aixl does not provide a of the present invention effectuates movement with repeti- 

full range of motion. Thus^ the limited motion of the tank S5 cyclic actions. For each cycle, first the intermittent 

crawler, as well as the cumbersome, bulky, and large size of coupling device of the first leg assembly is initially coupled 

the tank crawler; prohibits it from performing certain impor- to a particular object while the intermittent coupling device 

tant tasks. In addition, steering the tank causes wear to the of the second leg assembly remains uncoupled to the object, 

suckers which are attached to the belt. Next, the second assembly is linearly traversed by the 

With regard to the cruciform crawler, the movement of the 60 second motor, 

cmciform crawler is hmited to mainly linear movement and Also, it should be noted that the first leg assembly can be 

not sharp angular maneuvers. Consequently, does not allow linearly traversed by the first motor or rotaiably u-aversed by 

a fiill 360 degree range of motion over a point. Thus, the the rotary motor either separately or simultaneously. This 

limited motion of the cruciform crawler prohibits it from arrangement allows the crawler of the present invention to 

performing certain important tasks. In addition, similar to 65 traverse an object in a range of motion covering 360 degrees, 

the suckers of the tank crawler, the suckers are subject to Another feature of the present invention is the carrying 

wear during maneuver. area for carrying observation cameras, sensors and sensor 



11/14/2002, EAST Version: 1.03.0007 



6,1( 

3 

maaipulatioa devices, and data gathering equipment sudi as 
cotnputer processors, for transporting hazardous materials, 
and for retrieving items and objects. Another feature of the 
present invention is its intermittent coupling devices which 
allow the automated crawling system to traverse an object 
rapidly. Yet another feature is SLmultancous preparation of a 
subsequent step while a previous step is being completed. 

An advantage of the automated crawling system of the 
present invention is the ability to perform multifunctional 
operations. Another advantage of the automated crawling 
system of the present invention is that it is portable, can 
obtain rapid movements over large areas, and can perform a 
wide variety of tasks in all types of environments, including 
hostile environments and environments with dif&cult to 
reach areas. Yet another advantage of the present invention 
is that it has low power requirements and has a high 
payload/crawler weight ratio. Yet another advantage is 
speedy traversal due to efficient time management 

The foregoing and still further features and advantages of 
the present invention as well as a more complete under- 
standing thereof will be made apparent firom a study of the 
following detailed description of the invention in connection 
with the accompanying drawings and appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Referring now to the drawings in which like reference 
numbers represent corresponding parts throughout 

FIG. 1 is a perspective view of the automated crawling 
system of the present invention; 

FIG. 2 is a bottom view of the automated crawling system 
of the present invention; 

FIG. 3 is a cross sectional side view of the automated 
crawling system of the present invention; 

FIG. 4 is a bottom view of the first leg of the automated 
crawling system at its front-most extreme position and the 
second leg at its rear-most extreme position; 

FIG. 5 is a bottom view of the first leg of the automated 
crawling system at its rear-most extreme position and the 
second leg at its £ront-most extreme position; 

FIGS. 6-12 illustrate sequential movement of the auto- 
mated crawling system from point A to point B; 

FIG. 13 is an alternative embodiment of the present 
invention; and 

FIGS. 14-15 illustrate sequential movement of the auto- 
mated crawling system of FIG. 13. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

In the following description of the preferred embodiment, 
reference is made to the accompanying drawings which 
form a part hereof, and in which is shown by way of 
illustration a specific embodiment in which the invention 
may be practiced. It is to be understood that other embodi- 
ments may be utilized and structural changes may be made 
without departing from the scope of the present invention. 

FIG. 1 is a perspective view of the automated crawling 
system of the present invention. FIG. 2 is a bottom view of 
the automated crawling system of the present invention. 

Structural Components 

The present inventioo is an automated crawling system 10 
including a platform 12, such as a flat platform, a first leg 
assembly 14, a second leg assembly 16, a rail assembly 18, 
and an onboard electronic computer controller 21. The 
carrying area 19 can carry observation cameras, sensors and 
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sensor manipulation devices, and data gathering equipment 
such as computer processors, and can transport hazardous 
materials, and can retrieve items and objects. The onboard 
computer controller 21 can control the movement of the 
S robot with preprogrammed instructions or can acoq)t remote 
commands. 

The rail assembly 18 comprises a first rail 20, a second rail 
22, and rail supports 24 located at an end 26, 28 of each rail 
20, 22, respectively. The first and second rails 20, 22 are 
10 attached or mounted to the platform 12 and extend along 
opposite longsides 30, 32 of the platform 12 of the crawler 
10. 

The first leg assembly 14 comprises a mounting disc 34, 
such as a circular flat disc, a first bracket 36, and an 
intermittent coupling device 38, such as a plurality of 
vacuum cups 40. The intermittent coupling device 38 can 
comprise any mechanism suitable for intermittent coupling 
to a particular object (described in detail in the Operation 
section below). For example, an intermittent coupling device 
with a vacuum cup arrangement 40, as shown in FIG. 1, is 
suitable for intermittent coupling to a surface of a particular 
object and will be described hereafter as a working example. 
However, for ferromagnetic objects or objects with ferro- 
magnetic surfaces, a magnetic device having intermittent 
^ activated solenoids can be utilized as the intermittent cou- 
pling device. 

The mounting disc 34 is attached to the first bracket 36. 
The first bracket 36 preferably has two strips 46, 48 extend- 
ing outwardly from die platform 12. A plurality of sliders 50 
are preferably attached to each outside portion of the strips 
46, 48 of the first bracket 36. Each slider 50 is also sUdably 
coupled to one of the rails 20, 22 of the rail assembly 18. The 
sliders 50 provide the first bracket 36 with freedom of linear 
movement relative to the platform 12. 

The second leg assembly 16 comprises a second bracket 
52 and an intermittent coupling device 54 similar to the 
intermittent coupling device 38 of FIG. 1, which is prefer- 
ably a plurality of vacuum cups 76 (similar to vacuum cups 

40 40 of FIG. 2). The second bracket 52 is preferably a "U" 
shaped bracket with a topside surface and opposite iimde 
surfaces. The second bracket 52 has a plurality of sliders 56 
(similar to sliders 50 of FIG. 2) preferably attached to each 
inside surface of the second bracket 52. Each slider 56 is also 

45 slidably coupled to one of the rails 20, 22 of the rail 
assembly 18. 

A first motor 58, which can be a conventional electric 
motor, is rigidly attached to the platform 12. The first motor 
58 has a ball screw shaft 62 coupled to a first receiver 64 

50 which can be attached to or integral with the first bracket 36. 
Also, the first motor 58 can have encoders (not shown) to 
determine the position of traversal of the first bracket 36. 
Since the first bracket 36 is slidably coupled to the platform 
12 and the first receiver 64 is rigidly attached the first 

55 bracket 36, the first motor 58 and the ball screw shaft 62 
provide the first bracket 36 with linear motion, relative to the 
platform 12, in either a forward or reverse direction 
(described in detail in the Operation section below). 
Similar to the first motor 58 configuration, a second motor 

60 66 is rigidly attached to the platform 12. The second motor 
66 has a ball screw shaft 67 coupled to a second receiver 68 
which can be attached to or integral with the second bracket 
52. Also, the second motor 66 can have encoders (not 
shown) to determine the position of traversal of the second 

65 bracket 52. Since the second bracket 52 is slidably coupled 
to the platform 12 and the second receiver 68 is rigidly 
attached the second bracket 52, the second motor 66 and the 
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ball screw shaft 67 provide the second bracket 52 with linear computer controller 21 can control the movement of the 

motion, relative to the platform 12, in either a forward or robot with preprogrammed instructions or can accept remote 

reverse direction (described in detail in the Operation sec- commands. The crawler of the present invention ^ectuates 

tion below). movement with repetitive cyclic actions. 

FIG. 3 is a cross secticmal side view of the automated s FIGS. 6-9 illustrate one cycle of linear movement and 

crawling system of the present invention of FIG. 2. A rotary FIGS. 10-12 illustrate rotational movement. For each cycle, 

motor 70, which can be an ultrasonic motor, such as a low first referring to FIG. 6, the intermittent coupling device 54 

mass compact ultrasonic motor, or other type of rotary of the second leg assembly 16 is initially coupled (as 

motor, is preferably attached to the first bracket 36 and is indicated by shading of the intermittent coupling device 54 
coupled to the mounting disc 34 via a shaft 71. The rotary lo of FIG. 6) to a particular object 100. Ehiring this, the 

motor 70 provides the mounting disc 34 with rotary motion intermittent coupling device 38 of the first leg assembly 14 

in either a clockwise or counter clockwise direction. remains uncoupled (as indicated by non-shading of the 

Referring to FIG. 3 along with FIGS. 1 and 2, the vacuum intermittent coupling device 38 of FIG. 6) to the object 100, 

cups 40 of the first leg assembly 14 arc preferably attached Next, as shown in FIG. 7, the second leg assembly 16 is 

to the mounting disc 34 so that they protrude from the linearly traversed by the second motor 66. Linear movement 

moimting disc 34 as shown in FIG. 3. Each vacuum cup 40 of the platform 12 relative to the object 100, as indicated by 

has a separate vacuum pump 72 and a separate air cylinder arrow 102, is accomplished by operating the second motor 

74 coupled to it and attached to the mounting disc 34. Each 66. As the second motor 66 operates, the ball screw shaft 67 

vacuum pump 72 provides such vacuimi cup with a vacuum traverses along the second receiver 68. After traversal, the 

source independent of the other vacuum cups; such as a second leg assembly 16 is uncoupled from the object 100. 

venturi vacuum pump. Third, as shown in FIG. 8, the intennittent coupling 

The vacuum pumps 72 and the air cylinders 74 are also device 38 of the first leg assembly 14 is coupled (as 

coupled to a standard air compressor (not shown) for pro- indicated by shading of the intermittent coupling device 38 

viding each vacuimi pump 72 and air cylinder 74 with air of FIG. 7) to the object 100 while the intermittent coupling 
pressures preferably ranging from 70-120 psi. Flexible ^ device54of the second leg assembly 16 remains imcoupled 

tubing 75, such as polyethylene tubing, PVC tubing, or the (as indicated by non-shading of the intermittent ooiq>ling 

like, provides a means for transferring the air pressure from device 54 of FIG. 7) to the object 100. It shouU be noted that 

the air compressor to each vacuum pump 72 and each air wdiile the previous step is being completed, the crawler 10 

cylinder 74. prepares a subsequent step for movement by operating the 

The vacuum cups 76 of the second leg assembly 16 are first motor 58. One of the leg assemblies 14 or 16, move 

preferably attached to the second bracket 52 so that they relative to the object 100. 

protrude firom the topside surface of the second bracket 54. Fourth, as shown in FIG. 9 and similar to the movement 

Similar to the vacuum cups 40 of the first leg assembly 14, of the second leg assembly 16, Linear movement of the 

each vacuum cup 76 of the second leg assembly 16 has a platform 12 relative to the object 100, as indicated by arrow 

separate vacuum pxmip 84 coupled to it and attached to the 104, is accomplished by operating the first motor 58. As the 

secondbracket52.Also, each vacuum cup 76 of the second first motor 58 operates, the ball screw shaft 62 traverses 

leg assembly 16 has a separate air cylinder 86 coupled to it along the first receiver 64. Since the first receiver 64 is 

and mounted behind each vacuimi cup 76. rigidly attached to the second bracket 52, the first motor 58 
In addition, similar to the vacuum pumps 72 of the first leg ^ is rigidly attached to the platform 12, and the platform 12 is 

assembly 14, each vacuum pump 84 of the second assembly slidably attached to the second bracket 52 via the rails 20, 

16 is preferably a venmri vacuum pump. Moreover, the air 22, linear movement (forward or reverse) of the second 

cylinders 86 and the vacuum pumps 84 of the second bracket 52 along the rails 20, 22 relative to the platform 12 

assembly 16 are coupled to the same air compressor (not is accomplished. 

shown) as the vacuum pumps 52 and air cylinders 54 of the Further, as shown in FIG. 10, the crawler of the present 

first leg assembly 14. Flexible tubing 88 similar to flexible invention can rotationally change direction of movement 

tubing 75 is used with the second leg assembly 16. As stated with a 360 degree range of motion. For example, first the 

above, it should be noted that the intennittent coupling intermittent coupling device 38 of the first leg assembly 14 

devices 38, 54 can be any device suitable for coupling to an is coupled (indicated by shading of the intermittent coupling 
object is not hmited to being a vacuum pump device. ^ device 38 of FIG. 10) to the object 100. Next, the intermit- 

FIG. 4 is a bottom view of the first leg assembly and the tent coupling device 54 of the second leg assembly 16 is 

second leg assembly of the automated crawling system of uncoupled (indicated by non-shading of the intermittent 

the present invention at their front-most extreme positions, coupling device 54 of FIG. 7) to the object 100. 

respectively. FIG. 5 is a bottom view of the first leg Jhc rotary motor 70 is then operated for providing the 
assembly and the second leg assembly of the automated 55 mounting disc 34 with rotary motion in either a clockwise, 

crawling system of the present invention at their rear-most as indicated by arrow 106 to reach point C, or counter 

extreme positions, respectively. clockwise direction. Since the rotary motor 70 provides 

In addition, the rotary motor 70 allows movement of the relative rotational motion between the mounting disc 34 and 

first leg assembly 14 rotationally along the shaft 71, in the the first bracket 36, and the first bracket 36 is attached to the 
direction indicated by arrow 94 as shown in FIG. 3. A go platform 12, the platform 12 rotates during operation of the 

detailed description of the operation and the interaction of rotary motor 70, with a range of motion of 360 degrees, 

the components of the crawler 10 will be discussed in the After the desired rotation of the crawler is achieved, the 

Operation section below. crawler can be linearly traversed by repealing cycles of 

Operation movement as discussed above. As shown in FIG. 11, the 

FIGS. 6-12 illustrate sequential movement of the auto- 65 intermittent coupling device 54 of the second leg assembly 
mated crawling system from point A to point B to point C 16 is again coupled (as indicated by shading of the inter- 
along X and y axes and around a z axis. The onboard mittent coupling device 54 of FIG. 11) to the object 100. 
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During this, the intermittent coupling device 38 of the fiist 
leg assembly 14 is uncoupled (as indicated by noo-sbading 
of the intermittent coupling device 38 of FIG. 11) to the 
object 100. Next, as shown in FIG. 12, the second leg 
assembly 16 is linearly traversed, as indicated by arrow 108, 
by the second motor 65 in accordance with the above 
discussion. 

FIG. 13 is an alternative embodiment of the present 
invention. Alternatively, a more compact crawler is dis- 
closed with a second leg assembly 110 having a compact 
bradcet 112 slidably coupled to a platform 114. The crawler 
also includes a motor 116. The second leg assembly has a 
second ball screw 118 and a second receiver 120 operated by 
the motor 116 and physically located on one side of the 
platform 114. The crawler further includes a first leg assem- 
bly 122 having a compact bracket 124 slidably coupled to 
the platform 114 and a first ball screw 126 and a first receiver 
128 operated by the motor 116 and physically located 
opposite the second ball screw 118. The first ball screw 126 
of the first leg assembly 122 has an opposite pitch from the 
second ball screw 118 (i.e., right versus left hand threads) 
and is attached to the second ball screw 118 so that the motor 
116 drives both ball screws 118, 126. 

linear movement of the platform 114 of FIG. 13 via the 
leg assemblies 110, 124 is simOar to the linear movement of 
the platform 12 of FIGS. 6-12 with the exception of using 
only one motor Ebr linear motion. Specifically, the one motor 
116 turns both the fiist ball screw 126 and the second ball 
screw 118. Thus, the crawler is more compact and has fewer 
motors. 

For instance, as shown in FIG. 14, the first leg assembly 
14 is coupled (as indicated by shading of the first leg 
assembly 122 of FIG. 14) to an object 130 while the second 
leg assembly HO remains uncoupled (as indicated by non- 
shading of the second leg assembly 110 of FIG. 14) to the 
object 130. Next, as shown in FIG. 15, linear movement of 
the crawler as indicated by arrow 132, is accomplished by 
operating the motor 116. 

The foregoing description of the preferred embodiment of 
the invention has been presented for the purposes of illus- 
tration and description. It is not intended to be exhaustive or 
to limit the invention to the precise form disclosed. Many 
modifications and variations are possible in light of the 
above teaching. It is intended that the scope of the invention 
be limited not by this detailed description, but rather by the 
claims appended hereto. 

What is claimed is: 

1. An automated crawling robot system for traversing 
about an object with a range of motion of 360 degrees, 
comprising: 

a platform; 

a first leg assembly slidably coupled to the platform and 
rotatably coupled to the platform and having an inter- 



,695 

8 

mittent coupling device for intermittently coupling the 
first leg assembly to the object and a first ball screw and 
receiver system; 

a second leg assembly slidably coupled to the platform 
and having an intermittent coupling device for inter- 
mittently coupling the second leg assembly to the 
object and a second ball screw and receiver system; 

a motor for driving the first and second ball screw and 
10 receiver systems; 

wherein said fiiist ball screw is located opposite the second 
ball screw, has an opposite pitch firom the second ball 
screw, and is attached to the second ball screw so that 
the motor can drive both baU screws; and 

a rotary motor for rotatably traversing the second leg 
assembly relative to the platform. 

2. The invention as set forth in claim 1, further comprising 
an onboard computer controller for controlling the move- 

2Q ment of the robot with preprogrammed instructions and with 
remote commands. 

3. The invention as set forth in claim 1, further comprising 
a carrying area for carrying data gathering equipment and 
for transporting materials. 

25 4. The invention as set forth in claim 1, wherein said 
platform further comprises a rail system, wherein said first 
and second leg assemblies slidably traverse about said rail 
system. 

5. The invention as set forth in claim 1, wherein said 
30 rotary motor is a low mass compact ultrasonic motor. 

6. The invention as set 6Drth in claim 1, wherein said 
intermittent coupling device is a magnetic device having 
intermittently activated solenoids. 

7. The invention as set forth in claim 1, wherein said 
intermittent coupling device is a plurality of suction cups. 

8. The invention as set forth in claim 7, wherein said 
plurality of suction cups are a plurality of vacuum cups, each 
having a separate vacuum pump and a separate air cylinder 

^ coupled to it, wherein each vacuum pump provides each 
vacuum cup with a vacuum source independent of the other 
vacuum cups. 

9. The invention as set forth in claim 8, wherein said 
vacuum pumps are venturi vacuum pumps. 

45 10. The invention as set forth in claim 8, wherein said 
vacuum pumps and said air cylinders are coupled to a 
standard air compressor for providing each vacuum pump 
and each air cylinder with air pressures. 
11. The invention as set forth in claim 10, further com- 

50 prising flexible tubing for providing a means for transferring 
the air pressure from the air compressor to each vacuum 
pump and each air cylinder. 

« # 4 « * 
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ABSTRACT 



A surface scaimer for conducting non-destruaive inspection 
of complex surface strucmres and configurations. The scan- 
ner includes two flexible tracks, each fitted with a motor 
driven tractor assembly. A rigid beam track spans the two 
flexible tracks. The rigid beam track is coupled to each 
flexible track tractor assembly by articulating joints that 
permit movement at the joints abng at least three indepen- 
dent axes. The rigid beam supports a third motorized tractor. 
This third tractor supports a compliant thruster assembly that 
deploys gimbaled mechanical impedance, ultrasonic and 
eddy current inspection probes. The movement of the scan* 
ner is controlled by a scan control system that includes both 
hardware and software for controlling the movement of the 
scanner over the surface to be inspected. The software also 
includes a teach mode that permits an operator to prepro- 
gram the scan pattern for the surface to be inspected using 
a global coordinate system, referencing points on the surface 
and the data display using an identical coordinate system. 
The scanner also includes a data acquisition and analysis 
system that control scanner ftmctions and operations. 

98 Claims, 10 Drawing Sheets 
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APPARATUS AND METHOD FOR or some combination of the three representative typical 

PERFORMING NON-DESTRUCTIVE surface geometries. The surface curvatures may be convex 

INSPECTIONS OF LARGE AREA AIRCRAFT or concave, while the surface orientations may be horizontal, 

STRUCTURES vertical, or overhead. 

^ Most on-aircraft automated NDI techniques require the 

CROSS REFERENCE TO RELATED use of a mechanical scanner to manipulate a NDI probe, 

APPLICATIONS whether ultrasonic, eddy current, or mechanical impedance, 

■n,isapplicationisrelatedtoaiidclaimsthebenefitofU.S. ^ » prepiogranimed son pattern on the «rcraft »irfiioe. 

Provisional AppUcaUoD No. 60/074,876, filed Feb. 17, 1998 ,„ >^»»sajtcraft scanner designs 

and assigned© the assignee of the application. '° "8^ ^l"^"^ supported by floor- 

ir*^ mounted bases or which are mounted to the au'craft surface 

FIELD OF THE INVENTION vacuiun cups. Another common design involves the use 

of a track-mounted, two-axis scanner. In this type of system. 

This invention relates generally to machines for perform- a vacuimi track is coupled to the surface of the aircraft 

ing non-destructive inspections of large area aircraft stnic- is structure. A two-axis scanner mounts to the vacuum trade via 

tures. More particularly, this invention relates to an aircraft guide rollers or magnetic wheels. The X-axis typically 

scanner having tracks secured to a surface of a large object, coincides with the track axis. A cantilevered Y-axis is 

such as an aircraft. Still more particularly, this invention oriented 90 degrees relative to the X-axis, 

relates to a method and apparatus for manipulating a test Conventional mechanical scanner designs have seen lim- 

probe m a rectihnear scan pattern with a master X-axis, a 20 jj^^ ^^^.^^ appUcations because they are not 

slave X-axis, and a Y-axis. well-suited to the demands of the task. Conventional gantry 

RAncrtROirvn of THF INVFNTION systems are well-suited for inspecting large areas with flat 

BACKGROUND OF THE INVENTION ^^^^ ^^^^^ ^ conveniently for small 

Multi-axis robotic manipulators, also know as mechanical diameter curved surfaces or areas with limited access. Con- 
scanneis, are used for performing noQ>destructive inspec- ^ ventional vacuum track-mounted scanners can adapt to both 
tions (NDI) of materials in many industries. The designs of flat and carved surfaces, but they can only cover a narrow 
such macfakes vary widely and include X-Y gantry systems, area due to the cantilevered Y-axis. 
X-Y manipulators, R-THETA manipulators^ and Z^THETA Acoording}yy a need has been recognized for a mechanical 
manipulators. While the q)eciflc designs of sudi machines scaimer which can be used to perform non-destructive 
vary widely, their theories of operation arc amilar.Mechani- inspections of large area aircraft structures, which can 
cal scanners arc used to manipulate a NDI probe in a conform to the complex surface ctuvatures present on mod- 
pre-programmed scan pattern on an inspection surface. An em aircraft, and which is lightweight, less expensive, and 
analog signal from the NDI probe is monitored, digitized, has improved speed capabilities and enhanced flexibility in 
and displayed by a data acquisition and analysis system. relation to existing designs. 
Positioa ii^rmation provided by feedback devices on the 

scanner is used by the data acquisition and analysis system SUMMARY OF THE INVENTION 

to develop a two- or thiee-wis mappmg of the HDl infer- jjj,^^^ achieving the foregoing and additional objec- 

mation. Topical NDI methods used with this type of machine ^ overcoming shortcomings of the prior art systems, 
mclude ultrasoDic testing, eddy current testmg. and ^ amain object of the invention is to provide a scanner which 

mcchamcal impedance testing. efficiently performs nooniestrucave inspections of laigp area 

Non-destructive inspections of military and civilian air- aircraft structures, 

craa are currently being performed at various maintenance ^ invention is to provide a scanner 

facilities throughout the United States. Ultrasonic methods according to the invention which interfaces to ultrasonic, 

and mechaniMl unpedance methods are commonly used to ^ mechanical impedance NDI probes, 

detect disbonds between the outer skm and the honeycomb / , , . - , . . . 

core in composite aircraft structures such as wings. Such Another object of "iventioo is to provide a scanner 

disbonds may be caused by repeated stress reversals or water ^J'*^'' manipulates a NDI probe m a rectihnear scan pattern 

entrapment within the structures. Eddy current methods are ^"^^ "P*'"**^ """^ °^ ^y^'"" 
currently beir^ used to detect surface cracking in thin skin ,„ Still another object of the invention is to provide a scanner 

aircraft structures such as fuselages. Oacks in the skin ^'"c'' conforms to complex surface geometries present on 

commonly develop around fasteners and are caused by modem aircraft, these surface geometries include flat 

repeated stress reversals within the stmctures. surfaces, convex curved surfaces, concave curved surfaces. 

Most of the NDI of modem aircrafl is being performed <^^<^^ «»rf»«^ ^ P«»«»'ic sur- 

tising manual techniques. These techniques require that a 55 ... 

technician manipulate a hand-held probe on the aircraft Another object of the invenUon is to provide a scanner 

surface while simultaneously monitoring a NDI instrument. "^^^"^^ operateson horizontal, overhead, and mverted aircraft 

Thus, the quality of manual NDI techniques are highly structures. 

operator dependent. Moreover, such manual NDI techniques A yet further object of the invention is to provide a 
are labor intensive and slow. Still further, NDI data obtained 50 scanner which couples to aircraft surfaces via an array of 

during manual inspections cannot, in general, be saved as a vacuum cups. 

permanent record. Still another object of the invention is to provide a scanner 

NDI of modem aircraft is currently being performed using which is lightweight, portable, and easily set up by a single 

a limited amount of automated NDI lechniques. Growth in operator 

the use of automated NDI methods has been limited due to 65 Another object of the invention is to provide a scanner 

the complex nature of modern aircraft structures. Typical which uses a modular design to facilitate equipment set up 

aircraft surface geometries may be flat, conical, cylindrical, on the aircraft. 
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Another object of the inveotioD is to provide a scanner HG. 2E is an end view of the track shown in FIGS. 2B 

which combines the large area inspection capabilities of a and 2D; 

two-axis gantry system with surface-following and contour- piG. 2F is a cross-section taken ateng line A— A of FIG. 

following capabilities of a two-axis track-mounted scanner. 2E; 

The foregoing and other objects of the present invention 5 p,Q 2G is a plan view of the flexible track assembly with 

are accomplished by providing a scanner with two flexible a flexible vacuum line; and 

tracks. Each flexfele trade is fitted with a motor driven pia 2H is a detailed view of the right end of the track of 

tractor assembly. A ngid beam track spans the two flexible 2b 

tracks. The rigid beam track ^ans between the two flexible \ ^ . , , . ^ . 
tracks, and is coupled to each tractor assembly by articulat- lo PIGS. 3A-3E are assembly cfrawmg of a Y-axis track 

ing joints. TTie articulating joints pennit movement at the ^^^1^ accordmg to the invention, m 

joints along at least three independent axes. ^^^^^^ ^ » ^ide view of the Y-axis track assembly; 

The rigid beam supports a third motorized tractor. This 3B is a plan view of the Y-axis track assembly 

third tractor supports a compliant thruster assembly that accordmg to FIG. 3A; 

deploys gimbaled mechanical impedance, ultrasonic or eddy FIG. 3C is a cross-section view taken along line D — of 

current inspection probes. The gimbal positively loads the FIG. 3B; 

inspection probes, keeping them in contact with the inspec- FIG. 3D is a detailed view of one end of the track 

tion surface with near constant force. assembly shown in FIG. 3A; and 

The rigid beam track serves as the scanner's Y axis. The FIG. 3E is an expanded view of the other end of FIG. 3A, 

flexible vacuum tracks serve as the X axis. The Y axis stroke including an e3q)anded end view of that same end. 

is limited to the length of the rigid beam. The X axis stroke p,Qs 4^.4; ^ assembly drawings of the thruster 

can be made infinitely long by connecting multiple track assembly shown in HG. 1 for the scanner according to the 

sections m a <^am. invention, in which FIG. 4A is a plan view of the thruster 

The scanner also includes a data acquisition and analysis ^5 assembly, 

system that ojntrols scanner functions and operations. Hie 43 elevational view of the end of the 

movement of the scanner is contioUed by a scan control assembly of FIG 4A; 

subsystem forming part of the data acquisition and analysis .* , . t * i* t. i.« 

system. TTie scan a)ntrol system includes both hardware and ^ ^ ^ elevational view of the thruster assembly 

software for controlling the movement of the scanner over » ^ 

the surface to be inspected* The software includes a teach FIG- is an end view of an end of the thruster assembly 

mode that permits an operator to preprogram the scan shown in FIG. 4C; 

pattern for the surface to be inspected using a global FIG. 4E is a plan view of an optional sled assembly for 

coordinate system. The global coordinate system allows the use with the thruster assembly, 

operator to reference points on the surface and the data piG. 4F is a side elevational view of the probe sled 

display using an identical coordinate system. assembly of FIG. 4E; 

The scanner may be used to inspect surfaces inchiding RG. 4G is a plan view of another probe sled assembly for 

complex geometrical shapes. The scanner is particularly ^vith the thruster assembly; 

adapted for use in inspecting horizontal, overhead, and 4H is a side elevational view of the probe sled 
mverted aircraft surfaces. 40 assembly of FIG, 4G; 

BRIEF DESCRIPTION OF THE DRAWINGS FIG. 41 is a side elevational view of an optional single 

rr^ r . J • . r ^ • transduccr setup for use with the thruster assembly of FIG. 

The features and mventivc aspects of the present mven- ^. 

tion win become more apparent upon reading the following * ^ . . ^. , ^, 

detailed description, cUims and drawings, of which the 45 ^ ^ ^'^^ ^^^^ transducer setup of FIG, 41. 

following is a brief description: FIGS. 5A-5D are drawings is a drawing of a master 

FIGS. lAr-lD show views of the flexible configuration of X-axis tractor assembly shown in item 3 of FIG, 1, in which 

the scanner according to the invention, in which FIG. lAis 5A is a top plan view of the subject assembly; 

a top plan view of an assembly of a Y-axis track assembly, FIG. 5B is a side view, partially in section, of the subject 

an X-axis flexible track assembly, a master X-axis tractor 50 assembly in FIG. 5; 

assembly, a Y-axis tractor assembly, a slave X-axis tractor FIG. 5C is an end elevational view of the assembly shown 

assembly, and a thruster assembly; in FIG. 5A; and 

FIG. IB is a side elevational view of the assembly of FIG. FIG. 5D is a wiring diagram for connection the motor and 

lA, and optical encoder shown in FIGS. 5A and 5B. 

FIG. IC is an end view of the side view of FIG. IB, and FIGS. 6A-6D are assembly drawings of the slave X-axis 

FIG. ID is a side elevational view of the assembly of FIG. tractor assembly for the scanner according to the invention, 

lA. in which FIG. 6 A is a top view of the subject assembly; 

FIGS. 2A-2H show views ofofa flexible track assembly FIG. 6B is a side view, partially in section, for the 
for the scanner according to the invention, in which FIG. 2A ^ assembly shown in FIG. 6A, 

is a top plan view of a track used in the invention; FIG. 6C is an end view of the assembly shown in FIG. 6A; 

FIG. 2B is a side elevational view of the track shown io 

FIG. 2A; FIG. 60 is a wiring diagram for connecting the motor and 

FIG. 2C is a cross-section taken along line B — B of FIG. encoder as shown in FIGS. 6 A and 6B. 
2B; 65 FIGS. 7A-7D are assembly drawings of the Y-axis tractor 

FIG. 2D are receptively details of the ends of the track assembly of FIG. 1 in which FIG. 7A is a top view of ihe 

shown in FIG. 2B; subject assembly; 
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FIG. 7B is a side view, partially in section, for the sections may be coupled together to form the desired track 

assembly shown in FIG. 7A; length. The track plates 34 have an overall length of four 

FIG. 7C is an end view of the assembly shown in FIG. 7A; ^et, and are fabricated using a thin gauge spring steel. It wUl 

^ be appreciated that various lengths and other appropriate 

FIG, 7D is a wiring diagram for connecting the motor and ^ °^^y ^^^^^[^ ^^^^ ^^^^ ^ 

encoder as shown in FIGS. 7A and 7B. ^^^"^ plastically deform upon bending and twistmg if 

t_,j - r * necessary, to adapt the track plates 34 to the curvature of the 

FIG. 8 ^ an assembly drawmg of the scanner of FIG. 1 ^^^^ ^ ivspccicd. TTie vacuum track plates 34 may be 

showmg the master and slave X-axes ofl&et by surface adjusted to mate with horizontal, vertical, overhead, conical, 

^ "°^* 10 cylindrical, flat, concave, convex and compound curved 

FIG. 9 is a block diagram of the scanner of FIG. 1 surfacesorany combination of the aforementioned surfaces, 

showing the analyas and software features of the data in particular, the track plates 34 are especially adapted to 

acquisition and analysis system. conform to curved surfaces typically found on an aircraft 

FIG. 10 is a system diagram of the scanner of FIG. 1 fuselage, wing and engine support structures such as cowls, 

showing the interrelation of major system components is xhe track plates 34 support an array of vacuum cups 39. 

The array of vacuum cups 39 includes a plurality of vacuum 
cup assemblies 38, at least two end vacuum cup assemblies 
42, and at least one control vacuum cup assembly 44. The 
The scanner 10 enables an operator to perform nonde- number of vacuum cup assemblies 38 used per unit trade 28, 
stniclive inspection (NDI) of a wide variety of surface types. 30 length varies depending on the size of the surface to be 
The scanner 10 shown in FIGS. 1-10 includes three inter- inspected and the number of track plates 34 needed, 
related track assemblies. These track assemblies separately However, the number of vacuum cups 38 used should 
include several common elements. It will be understood that provide for a smooth track curve that approximates the 
common reference numerals are used to describe common curvature of the surface to be inspected, 
features of the embodiment of the scanner shown in FIGS. ^ The embodiment illustrated in FIG. 2 shows one end cup 
1-10. assembly 42 positioned on each end 62, 63 of the vacuum 
FIG. 1 shows a scanner 10 formed according to the track assemblies 28, 30. Positioned between the two end cup 
present inventK)n. The scanner 10 includes a vacuum track assemblies is a plurality of vacuum cup assemblies 38. FIG. 
assembly 12, a Y-axis track assembly 14, a tractor assembly 2 also shows the control cup assembly 44 positioned on the 
16, a thruster assembly 18, a scan control subsystem 20, a track assembly 28, 30 between one end cup assembly 42 and 
data acquisition and analysis system 22, a couplant supply the first vacuum cup assembly 38a. 
system 24, a vacuum supply system 33, and an umbilical Each vacuum cup assembly 38, 42 and 44 includes a 
cable assembly 26. To prevent damage to the identified housing46, 47 and 48, respectively. A mechanical fastener 
components, the scanner 10 may be tethered to an external such as a screw couples each housing 46, 47 and 48, 
device to prevent the scanner 10 from falling ^ould it respectively, to the track plate 34. Each housing 46, 47 and 
become detached from the inspection sur&ce. The exposed 48 supports a mounting hinge 40 for coupling each vacuum 
components of the aircraft scanner 10 are fabricated of a cup assembly 38, 42, and 44 to the respective housing 46, 47 
corrosion resistant material or are adequately corrosion and 48. The mounting hinge 40 pennits positioning the 
protected. However, it will be appreciated that other mate- ^ vacuum cup assemblies 38, 42 and 44 at various angular 
rials may be selected. orientations. Eadi housing 46, 47 and 48 also supports an 
The vacuum track system 12 couples the scanner 10 to the adj usUble handle 43 for positioning the vacuum cup mount- 
surface to be inspected. As illustrated in RG. 2, the vacuum ing hinge 40 in the desired orientation, 
track system 12 includes a master X-axis vacuum track This angular adjustment feature permits the X-axes 
assembly 28 and a slave X-axis vacuum track assembly 30. ^3 vacuum track assemblies 28, 30 to be mounted onto conical 
It will be understood that the X- and Y-axes orientations or irregular surfaces as discussed above. In one embodiment, 
refer to the generally known X-Y coordinate system. the mounting hinge 40 pennits adjusting eadi vacuum cup 
However, the track assemblies 28, 30 and 32 (discussed assembly 38, 42 and 44 to an angular position between zero 
below) arc designed to permit various angular and linear and thirty degrees relative to the respective vacuum track 
orientations relative to the X-Y coordinates of the surface to 5Q assembly 28, 30. It will be predated that other angular 
be inspected. For instance, in one embodiment of the scan- settings are possible. Such an adjustment permits the X-axes 
ner 10, the master X-axis assembly 28 and the slave X-axis vacuiun trade assemblies 28, 30 to mate with surfaces 
track assembly 30 are spaced apart in a vertical orientation. having small diameters. 

As the X-axes track assemblies 28, 30 are configured in a With respect to the vacuum cup assembly 38, the housing 

master-slave relationship, the lengths of the X-axes vacuum 55 46 defines an opening 54 extending therethrough. Each side 

track assemblies 28, 30 do not have to be in parallel of the opening 54 receives a barbed fitting 58 that extends 

alignment. outwardly from the opposite sides of the vacuum cup 

It will be appreciated that the master X-axis 28 and the assembly 38. However, the opening 54 of the first vacuum 

slave X-axis 30 each include common features, and thus are cup 38a receives the barbed fitting 58 only in the portion of 

discussed jointly using common reference numerals to 50 the opening 54 facing the array of vacuum cup assemblies 

describe common features. The X-axes vacuum track assem- 38. The opposite side of the opening 54 for the vacuum cup 

blies 28, 30 each includes at leasi one track plate 34 section, 38a receives a close nipple 66 that prevents air at ambient 

which forms the primary support surface for the vacuum pressure from flowing into the vacuum cup 38a. 

track assemblies 28, 30, and an array of vacuum cups 39, and Each barbed fitting 58 supports a length of tubing 56. 

an end of travel hard slop mechanism 36. 65 Together the tubing 56 and the vacuum cup assemblies 38, 

The track plates 34 can be used singly or interconnected 42 and 44 create a pneumatic circuit such that the tubing 56 

as discussed above. An indefinite number of track plate 34 serially couples the vacuum cup assemblies 38, 42 and 44 to 
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an external vacuum source 33 (discussed below). 
Specifically, the vacuum cup assemblies 38, 42, and 44 of 
each four-foot track plate 34 section are independently 
plumbed to the vacuum source 33. Consequendy, a failure in 
one track plate 34 segment will not cause other segments to 
fail 

Turning now to the end cup assemblies 42, the housing 47 
defines an opening 50. One side of the opening 50 receives 
the barbed fining 58 and tube 56 assembly. A hex plug 60 
caps the other side of the opening 50. At the end 63 of the 
track assembly 28, 30, the tubing 56 couples the end cup 
assembly 42 to an adjacent vacuum cup assembly 38. At the 
opposite end 62, the tubing 56 couples the other end cup 
assembly 42 to the control cup assembly 44. 

With respect to the control cup 44, the housing 48 defines 
an opening 52. One side of the opening 52 receives an air 
valve 64 that couples the vacuum control cup 44 to a soiure 
of vacuimi pressure via tubing 68. The other side of the 
opening 52 receives a close nipple 66 that prevents air at 
ambient pressure from entering the opening 52. 
Additionally, each housing 46, 47 and 48, respectively, 
supports a vacuum cup mounting bracket 70. The mounting 
bradcet 70 supports a flexible cup-shaped vacuum pad 76. 
The vacuum pad 76 mechanically couples to the mounting 
bracket 70 using known techniques such as screw threads or 
other similar methods. Additionally, the mounting bracket 
70 defines an opening 72. The opening 72 is in fluid 
communication with openings 54, 50 and 52, re^>ectively, 
and is covered by an end cap 74. 

The vacuum pad 76 surrounds the end cap 74, and 
provides a soft smooth surface that physically engages the 
surface to be injected. For instance, when vacuum pressure 
is applied to the vacuum cup assemblies 38, 42 and 44, a 
suction force is induced throi^ the end cap 74 into the open 
center formed by the vacuum pad 76. This force causes the 
vacuum pad 76 to adhere to the surface to be inspected. 

The vacuum pressure applied to the vacuum pad 76 is 
sufSdent to permit the vacuum cup assemblies 38, 42 and 44 
to form leak proof seals with rough as well as smooth 
surfaces. It is possible, however, that the integrity of the 
surface may not permit a vacuum tight seal between the 
vacuum cup assemblies 38, 42 and 44 and the surface under 
inspection. Consequently, the leakage of up to two vacuum 
cup assemblies 38, 42 and 44 each four foot track plate 34 
section generally does not affect overall vacuum track 28, 30 
coupling to the surface being inspected. It will be 
appreciated, however, that the number of vacuum cups 38, 
42 allowed to leak during the inspection process may vary 
depending on the size of the vacuum pump and cups used. 

An electric vacuum pump (not shown) induces a vacuum 
pressure at the vacuum cup assemblies 38, 42 and 44. In one 
embodiment, the vacuum pump is rated for 110-120V AC 
power, and is rated for explosion proof service in accordance 
with the National Electric Code, Article 500, Qass, Group 
D locations, said standard incorporated herein by reference. 
The pump has sufficient capacity to provide the reqtiired 
coupling force for both the master X-axis 28 and the slave 
X-axis 30 vacuum cup assemblies 38, 42 and 44. 

In the event the vacuum tracks 28, 30 are too long for the 
surface to be inspected, the excess vacuum cups 38, 42 are 
capped using known techniques. To further facilitate single 
operator loading of the scanner 10 onto the surface to be 
inspected, an audible warning system (not shown) alerts the 
operator of possible vacuum cups 38, 42, 44 decoupling. The 
audible warning is activated upon detection of a partial loss 
of vacuum. 
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Finally, the X-axes vacuimi track assemblies 28, 30 
include an end of travel hard stop mechanism 36 supported 
by the distal ends 62, 63 of each vacuum track assembly 28, 
30. The hard stop prevents the X-axes tractors 82, 84 
5 (discussed below) from ruiming off the ends of the tracks 28, 
30. The motor current limits in the scan control subsystem 
20 interrupt power if a tractor 82, 84 is driven into a hard 
stop 36. 

l^iming now to a description of the X-axes tractor assem- 
10 blies 82, 84, as illustrated in FIGS. 5-6, each track assembly 
28, 30 supports separate tractor assemblies 82^ 84. Together, 
the master X-axis tractor 82Arack 28 assembly, including 
one section of track 28, 30, inclusive of fixturing, position 
sensors, and ddve components, form a lightweight assem- 
1^ bly. Additionally, the X-axes tractois 82, 84 have an axis 
repeatability capability that permits certain bcations to be 
returned to repeatedly with minimal error. Additionally, the 
X-axes tractors 82, 84 include axis position resolution 
capabilities. 

Each tractor assembly 82, 84 includes a pinion gear 88, 
and a plurality of V-shaped guide rollers 90. In one 
embodiment, separate gear assemblies couple the respective 
tractor assemblies 82, 84 to the respective U-ack assembly 
28, 30. To that end, the track plate 34 receives and supports 
^ a lightweight gear rack 96. The gear rack 96 is bonded to the 
track plate 34 such that the gear contacting face of the gear 
rack 96 is oriented face-up on the top surface of the track 
plate 34. 

^ The gear rack 96 is designed in accordance with conven- 
tional standards, and receives a pinion gear 88 supported by 
the tractor assembly 82, 84, respecdvely. Each pinion gear 
88 engages the gear rack 96 of the respective vacuum tracks 
28, 30, forming a slip-free drive engagement. This 
arrangement, thus, forms a rack and pinion drive system 
capable of precision movement and positioning. 

To facilitate the achievement of the slip free drive 
anangcment, the pinion gear 88 is motor driven. The driving 
motor 92 is a DC servo gear motor that mechanically 

4Q couples the pinion gear 88 using conventional techniques. In 
the disclosed embodiment, a motor can 100 supports the 
motor 92, and the motor 92 is rated for explosion proof 
service in accordance with the National Electric Code, 
Article 500, Class 1, Group D, said standard incorporated 

45 herein by reference, or optionally certified per ML-M-8609, 
incorporated herein by reference. 

A housing 102 retains both the motor 92 and the support- 
ing motor can 100. The exterior surface of the housing 102 
supports a plurality of V-shaped guide rollers 90. The 

so V-shaped contacting surface 98 of the guide rollers 90 
engages the edges of the respective X-axes 28, 30 track 
plates 34 in a way that the respective track plates 34 act as 
linear guides and the V-shaped guide rollers 90 act as linear 
bearings that facilitate the movement of the tractor assem- 

55 blies 82, 84 abng the X-axes tracks 28, 30. Thus, this 
arrangement further enhances the slip-free mechanical 
engagement between the respective tractor assemblies 82, 
84 and the track assemblies 28, 30. 
The housing 102 also supports at least one clamping 

60 handle 104 on the housing's 102 exterior surface. The 
clamping handle 104 supports a threaded shaft 106. Each 
shaft 106 of the respective tractor assembly 82, 84 bousing 
102 is received by a threaded surface supported by each 
track assembly 28, 30. The shaft 106, manipulated by the 

65 clamping handle 104, thus couples the respective tractor 
assembly 82, 84 to the respective X-axes track assembly 28, 
30. 



11/14/2002, EAST Version: 1,03.0007 



us 6,220.099 Bl 

9 10 

The clamping handle 104 functions similarly to a screw; plate 112 may be rotated to the desired angular position, and 

however, the clamping handle 104 may be adjusted without an indicator 123 visually marks the selected position. Thus, 

the use of a separate tool, e.g., a screwdriver. The clamping the angle dial plate 112 permits adjustment of the angular 

handle 104 thus permits quick connect/discoaDect of the orientation of both the Y-axis track assembly 32 relative to 
tractor assemblies 82, 84 to/from the re^ective track asscm- S the master X-axis assembly 28, as the master motmting 

bly 28, 30. bradcet 116 supports both the Y-axis track 32 and the master 

To aid in determining the accuracy of the selected X-axis trade 28. 

location, each tractor assembly 82, 84 includes at least one The Y-axis track assembly 32 and the master X-axis track 

optical encoder 94 for position feedback accuracy. As shown assembly 28 are supported by the pivot mechanism 115 of 

in FIGS. 5D and 6D, the motor 92 and the encoder 94 are the master mounting bracket 116. The pivot mechanism 115 

electrically wired using standard wiring techniques. is a U-shaped member forming an upper pivot block 118 and 

Id addition to the aforementioned components, the slave & lower pivot block 119. A bushing 121 supported by the 

X-axis tractor assembly 84 includes a position adjustment pivot mechanism 115 permits slight movement of both the 

mechanism 108. The position adjustment mechanism 108 upper and tower pivot blocks 118, 119. Consequently, lotat- 

through appropriate mechanical fixturing is coupled to the ing the dial plate 112 causes movement of the upper and 

housing 102. As illustrated in FIG. 6, slide bearing pin lower pivot blocks 118, 119, thus resulting in a relative 

screws may be used in coupling the position adjustment change in position of both the Y-axis track assembly 32 and 

mechanism 108 to the Y-axis track assembly 32. Together, the master X-axis track assembly 28, respectively, 

this coupling arrangement and the position adjustment The Y-axis track 32 supports a gear rack 96 for receiving 
mechanism lOS permit the slave X-axis 30 to move along ^ a pinion gear 88 supported by the Y-axis tractor assembly 86. 

three axes relative to the Y-axis 32. This arrangement forms a rack and pinion arrangement, as 

TVming now to FIG. 3, the Y-axis track assembly 14 is described above for the X-axes tractor assemblies 82, 84. 

shown. It will be appredated that the Y-axis track assembly Except as otherwise specified, the Y-axis tractor assembly 

14 and the X-axis track assembly 12 share common ele- 86, shown in FIG. 7, includes each component previously 
ments. Thus, common reference numerals are used to ^ described for the X-axes tractor assemblies 82, 84. 

describe the common feamres. The flexible track assembly Consequently, the previous discussion of the X-axes tractor 

14 includes at least one track plate 34', a rigid strut 35, an assemblies 82, 84 sufifidently describes the components and 

angle dial plate 112, and a master mounting bracket 116. The general function of the Y-axis tractor 86. 

track plate 34' is fabricated of a flexible material such as In addition to the aforementioned components, the Y-axis 

spring steel. However, it will be apparent that the choice of tractor assembly 86 includes a BNC connector array 120. A 

material may vary depending on the desired level of flex- plate 125 carried by the motor can 100 supports the BNC 

ibility. The track plate 34' is coupled to the rigid strut 35 by connector array 120, and the ooimectors are bulkhead BNC 

mechanical fasteners such as screws. connectors. 

The Y-axis track assembly 32 has a linear stroke of six As shown in FIGS. 1 and 4, the Y-axis track 32/tractor 86 

feet. However, shorter track lengths may be used, particu- assembly support a thruster assembly 18., A thruster bracket 

larly for scanniqg in confined areas. When assembled as a 122 couples the thruster assembly 18 to the Y-axis track 

unii the track assemblies 28, 30 and 32 permit scanning the 32/tractor 86 assembly using mechanical fasteners. The 

surface under inspection to the trade edges. To facilitate thruster assembly 18 may be placed on either side of the 
scanning up the partedges, vacuum coupled fixturing 37, as ^ Y-axis track assembly 32. 

shown in FIG. 8, offsets the master and slave X-axes 28, 32 The thruster bracket 122 supports a thruster slide block 

from the edges of the surface to be inspected. 124 and a gimbal 126. The thruster slide block 124 permits 

As shown in RGS. 1 and 3, the Y-axis track assembly 32 the thruster assembly 18 to move along the Y-axis track 32. 

extends between the master X-axis track assembly 28 and TWo shafts 128, 130 movably support the thruster slide 
the slave X-axis track assembly 30 such that the master 45 blodc 124. The shafts 128, 130 extend in the same direction, 

X-axis tractor assembly 82 supports one end 78 of the Y-axis and provide the surface over which the thruster slide block 

track assembly 32 and the slave X-axis tractor assembly 84 124 travels. 

supports the opposite end 80. Additionally, the Y-axis track The proximate end 132 of the shafts 128, 130 support the 

assembly 32 may overhang the X-axes tracks 28, 32. The gimbal 126, which supports the nondestructive inspection 
Y-axis track assembly 32 need not extend perpendicularly to 50 (NDI) probes 134 that actually scan the surface to be 

the X-axcs 28, 30, particularly since the articulating joints inspected. The gimbal 126 extends outwardly from shafts 

coupling the Y-axis track assembly 32 and the X-axes tracks 128, 130, and possesses at least two axes of movement. The 

28, 30 include multiple degrees of freedom. gimbal 126 includes one or more outwardly extending 

The articulating joints accommodate non-parallelism and prongs for supporting the NDI probes 134, which may or 
twist of the X-axes vacuum track assemblies 28, 30. Such an ss may not inchide probe sleds. 

arrangement permits adjustment of the track assemblies 28, The gimbal 126 may be equipped with mechanical 

30 and 32 to mate with surfaces of various configurations. In impedance, ultrasonic or eddy current NDI probes 134. For 

one embodiment, the articulating joints permit movement of example, the NDI probes 134 may include a single trans- 

the X-axes 28, 30 and the Y-axis 32 along three axes: ducer probe 134 as shown in FIGS. 4] and 4J, an ET probe 
altitude, azimuth and twist. These articulating joints may be 60 sled assembly as shown in FIGS. 4G and 4H, or an ET probe 

established using appropriate quick connect/disconnect cou- sled assembly 138 as shown in FIGS. 4£ and 4F. The 

piers and fasteners. transducer probes 134 used may include (1) one or two 

To accommodate movement along the three axes of ulfrasonic transducers with integral couplant feed; (2) one or 

movement, the end 78 supports a master mounting bracket two eddy current probes; or (3) one transducer with couplant 
116 thai supports an angle dial plate 112 and a pivot 65 feed and one eddy current probe. 

mechanism LIS. The angle dial plate 112 is marked in The thruster assembly 18 provides for loading standard 

gradients ranging from zero to 360 degrees. The angle dial ultrasonic shear and longitudinal transducers having select- 
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able crystal sizes appropriate to perform the functioD of the by gravity via drain tubes into a collection container, 

scanner 10, and eddy current surface probes with appropriate However, if a recirculating system is used, the couplant is 

case diameters. It will be appreciated that other transducers directed to the ultrasonic scanner probes using a closed-loop 

and probes may be used. For instance, the gimbal 126 is system, wherein the couplant is circulated back to the supply 
capable of interfacing and scanning with other types of NDI 5 tank 146. 

probes such as those used in low frequency bond testing. The tubing 148 used to connea the components of the 

However, care shoukl be taken to maintain compatibility couplant delivery system 24 is relatively flexible, and sized 

among the sensors, particularly with respect to length, to deliver a sufficient amoimt of couplant fluid to the 

diameter, and weight. transducers 134. To that end, the couplant delivery system 

Camping handles 131, 133 couple the NDI probes 134 to 24 is configured using known standards and techniques, 

the gimbal 126. Hie clamping handle 131 permits adjust- The analog signal firom the NDI probes 134 is digitized 

mentof the angle of the NDI probe 134 along a 360" arc. The and stored by an external data acquisition and analysis 

second handle 133 permits quick connect/disconnect of the system 22. The data acquisition and analysis system 22 

coupling to the gimbal 126. includes hardware and software subsystems 152, 150 for 

The gimbal 126 positively loads the NDI probes 134 to controlling scaimer 10 operation, 

the surface under inspection. The positive load is provided The hardware subsystem 152 includes a portable com- 

by a gas spring 140. The gas ^ring 140 is of a conventional puter 154 as the host computer. The computer 154 serves as 

type, and apphes a constant pressure to the end of the gimbal the master computer for the scanner 10. An operator using 

126 to ensure full sensor contact with the surface under a pointing device 157 such as a mouse or a keyboard 160 

inspection. activates pull down menus, which are displayed on the 

The gas spring 140 provides a simple and effective means computer screen 158. These menus include software files for 

for facilitating movement of the NDI probes 134 smoothly controlling scanner 10 operations, 

over typical aircraft surfaces comprising multi-layer chipped The computer 154 includes a CPU board including an 

paint, improperly installed countersink fasteners (which can Intel 486 DX2/66 MHz microprocessor and 64 Mb of RAM. 

be either protruding or recessed), skin dents, ofl&et skin TRie computer 154 is coupled to an uninterruptible power 

panels at interfaces and skin extemal repair doublers. The supply 159 that prevents the loss of data due to an AC power 

use of the gas i^ring 140 in conjunction with the disclosed failure. When activated, the uninterruptible power supply 

gimbal 126 design dampens out possible NDI probe 134 159 provides power to the computer 154 for a sufiScient 

oscillations as the probe traverses sur&ce defects. In one period of time to allow for a controlled shutdown of the 

embodiment, the constant pressure gas spring 140 helps the computer 154. 

sensors negotiate abrupt ofl^ts up to 0.125 inches. jhe computer 154 also includes a ruggidized outer chassis 

An interface block 142 couples the shafts 128, 130 and the 156 that encloses many components of the data acquisition 

gas spring 140 to the gimbal 126. The interface block 142, and analysis system 22 hardware aixi software subsystems 

thus, serves as a dampening mechanism. Additionally, the 152, 150 (discussed below). 

interface block 142 inchides an clamping handle 141 having xhe chassis 156 includes a fold-down front panel that 

a threaded shaft that permits quick connect/disconnect cou- includes a panel display 158 and a keyboard 160. The 

pling of the interface block to the end 132 of the shafts 128, components forming the display unit include a VGA color 

130. display having a suitable resolution. For instance, the reso- 
The scanner 10 includes a portable couplant delivery ^ hition may be 640x490 pixels. The display 158 is free from 

system 24 for delivering coolant fluid to the ultrasonic parallax and resolution/color fade when viewed at wide 

probes during ultrasonic scaiming operations. The primary off-axis angles. The keyboard 160 is splash proof. As the 

couplant delivery 24 components include a delivery pump keyboard 160 is included in the fold-down-front panel of the 

144, couplant supply container 146, couplant filter (not chassis 156, the keyboard 160 is up when not in use. The 
shown) and required tubing 148. The delivery pump 144 45 keyboard 160 forms part of the chassis 156 enclosure case, 

directs couplant, water, from a supply tank 146 through and provides protection for the panel display 158 when in 

tubing 148 and into irrigation ports leading to the idtrasonic the non-use position. 

transducer probes D4 on the scanner 10. jhg chassis 156 also supports a pointing device 157. The 

The delivery pump 144 provides a continuous, constant pointing device 157 is a ^depoint-type structure for use 
velocity couplant flow to the transducer 134 face. A variable 50 with the graphical user interface. Additionally, the chassis 

speed drive motor powers the delivery pump 144. The drive 156 provides power to the axes of the scanner 10, and it 

motor is rated for explosion proof service in accordance with supports connections for a joystick 15T for manual control 

National Electric Code, Article 500, Class 1 Group D, and an emergency stop button. The chassis 156 also includes 

incorporated herein by reference. a port for connecting to an extemal VGA monitor, a mini- 
The filter removes particles that could reduce the perfor- ss mum of one parallel port, two RS 232 ports, and at least one 

mance of the ultrasonic inspection sequence. In one SCSI interface for data transfer and external data storage, 

embodiment, the filter is supported by the inlet to the The parallel port may be a Centronics port, and one serial 

delivery pump 144 to prevent plugging of the delivery port is dedicated to the pointing device. To facilitate data 

tubing and transducer 134 irrigation ports by dirt particles in transfer, the chassis 156 supports hardware for modem or 
the supply water. The filler provides for sufficient couplant 60 LAN data transfer. In one embodiment the modem has a 

flow throughout the operating period. However, the filter 14. 4K BAUD rate. 

may need to be cleaned periodically to ensure eCBcient Additionally, the chassis 156 supports a data storage 

operation. means. The data storage means includes an internal storage 

Control of couplant runoff is provided by passive hard- device such as RAM memory or an extemal device such as 
ware such as flexible strips or guiiers. In a non-recirculaiing 65 a floppy disk drive or a combination of an external storage 

couplant delivery system 24, the flexible strips channel the device and an internal memory device, each having suffi- 

majority of the spent couplant water from the inspection area cient memory capacity to perform the NDI efi'ectively. In 
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one embodiment, the data acquisition and analysis system 
22 includes a 1.44 Mb 3.5 floppy disk drive in combinatioD 
with a 500 Mb internal hard drive, and an exteraal 1 Gb 
read/write optical drive for system backup and permanent 
data storage and archival. It wQl be appreciated that the size 
of the data storage means may vary depending on system 
constraints. 

The data acquisition and analysis system 22 can store the 
digitized RF waveform, peak and time-of-fligbt, and display 
the data along with the positional information. Stored data 
and processed information may be output using a printer 155 
coupled to the host computer 154. One type of printer 155 
that may be used is a Hewlett Packard*^ 1200C color printer 
having at least 4 Mb RAM or equivalent. 

Located within the computer 154 chassis 156 arc addi- 
tional components of the data acquisition and analysis 
system 22 hardware subsystem 152 (discussed below). Test 
parameters are programmed onto relevant hardware sub- 
system 152 components, and the prog|-ammed parameters 
control the scanning operation and the ultrasonic and eddy 
current subsystems. 

One additional component of the hardware subsystem 152 
is the scan control subsystem 20. The scan control sub- 
system 20 includes a multi-axis scan control board 162 and 
appropriate software (discussed below) for controlling the 
movement of the scanner 10. The scan control board 162 
provides coordinated control of the movement of the scanner 
10. The scan control board 162 has a master-slave capability 
that controls and monitors the X-axcs tractor 82, 84 drive 
motors in a master-slave relationship. The scan control 
board 162 accepts download of scan parameters from the 
host computer 154 and provides the appropriate signal 
ou^uts to the respective DC servo motor 92 amplifier 
module. The signal output firom the motor 92 amplifier 
module generates the correct drive voltages/current applied 
to each respective drive motor 92. 

The motion control portion of the scan control subsystem 
20 is configured on a daughter board of the data acquisition 
and analysis system 22. The corresponding servo amplifiers 
are mounted inside a separate electronics enclosure and 
electrically interfaced between the data acquisition and 
analysis system 22 and the scanner 10 with quick disconnect 
cables. 

The scan control subsystem 20 operates in a closed loop 
format and is compatible with the data acquisition and 
analysis system's 22 ultrasonic pulse on position capability. 
Additionally, during data gathering or during post infection 
data analysis* the scan control subsystem 20 causes die NDl 
probes 134 to traverse the surface under inspection using 
operator specified parameters. 

During calibration, the operator uses the scan control 
system 20 to define the scan size, X and Y axes, and the scan 
grid resolution. As the scanner 10 can be used to inspect 
surfaces having various geometric configurations, the rela- 
tive index/speed ratio between the master X-axis 28 and the 
slave X-axis 30 is variable and automatically determined 
during the teach mode (discussed below). The ratios estab- 
lished during the teach mode shall remain fixed during 
actual inspection scanmog. 

The operator enters the selected values directly or through 
a teacb-and-leam technique. Using the teacb-and-learn 
technique, the operator positions the scanner 10 at the 
starling point (0,0) and at each respective corner of a 
parallelogram, thus defining the overall scan area and shape. 
For example, during the teach-and-leam mode, the operator 
enters the global X-axis grid spacing and the global Y-axis 
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grid spacing. The data acquisition and analysis system 22 
then overlays onto the surface being inspected a global grid 
of the desired spacing and traverses the grid in 3-axes 
coordinated motion always staying on the global grid hues. 

5 Some benefits of this data recording method include: 

C-scan displays that reflect true shape of scanned areas 
without pixel mapping losses that can be caused when 
attempting to display non-rectangular screen. 
Data from the scans is rectilinear and in the same coor- 

10 dinate system so printouts are directly comparable. 
Data from multiple scans is easily displayed in a merged 
display without data loss due to coordinate rotations. 
For example, using the teacb-and-leam technique of the 
present invention, the operator selects inspection area ver- 

15 tices defining the inspection area boundaries. The operator 
drives the NDI probe 134 to the scan start point, end point 
and required inspection area vertices using the joystick 15T 
or other device that provides for simultaneous axis 28, 30, 
and 32 movement. At each of these pointsA^ertices, the 

20 operator enters the axis coordinates. Specific information 
entered by the operator includes the angle of the Y-axis track 
32 relative to the master X-axis 28, the angle the master 
X-axis 28 makes relative to the global coordinate system 
reference point. The operator may ako specify a target 

25 location and move the scanner 10 to that position, and assign 
a value to the scanner position. This feature allows the 
operator to reference the position encoder to the global 
coordinate system (discussed below). 

The operator defines the common global coordinate sys- 

30 tem by identifying and selecting a local origin on the surface 
to be inspected. The global coordinate system, thus, provides 
reference to an identical coordinate system laid-out on the 
scanner 10 display 158. This enables the operator to deter- 
mine the location of areas suspected of having defects in 

35 terms of the global coordinates of the scaimed image or the 
global coordinates of the actual surface under inspection. 
Thus, the global coordinate system permits referencing 
points on the surface under inspection and the dii^layed 
image using an identical coordinate system. 

40 Using the operator selected input, the scan control sub- 
system 20 manipulates the aircraft scanner over the surface, 
executing the taught, preprogrammed, scan pattern, and 
formulates the appropriate raster scan plan based on the 
operator selected maximum axis index distance (axes can 

45 index less than but never greater than this distance). The 
selectable maximum axis scan index distance is mapped out 
using appropriate increments. In one embodiment, the maxi- 
mum axis scan index distance is set down to 0.005 inches in 
0.005 inch increments or greater. 

50 For instance, by employing the teach-and-leam technique, 
the scanner 10 is configured to scan complex geometrical 
shapes. For illustration purposes^ the teach-and-leam will be 
explained for three and four sided polygpns. These polygons 
may mclude interior angles ranging between 30 degrees and 

55 150 degrees. Programming the scanner 10 to scan three 
sided polygons requires the operator to complete the fol- 
lowing steps. First, the operator must define a global coor- 
dinate system (discussed below) from which other measure- 
ments are referenced. Second, the operator marks the form 

60 field "use global coordinate system" to TRUE, and enters on 
the form field the X and Y offset of the current scanner 10 
origin relative to the global coordinate system. The operator 
also enters the angle of the scanner 10 master X-axis track 
28 makes relative to the global coordinate system. Third, the 

65 operator enters the angle the Y-axis track 32 makes relative 
to the scanner 10 master X-axis track 28 for the first scan 
stroke. Fourth, the operator drives the scanner 10 using the 
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joystick 157' to the scan starting location, local origin, and 
presses a button indicating to the system that this is the local 
origin. The X-axis and Y-axis encoder position is zeroed at 
this location. Fifth, the operator manipulates the scanner 10 
using the joystick 157 so that the transducer 134 is at the end 5 
of the first stroke along the Y>axis track 32 and presses a 
button on the screen indicating the current position. The 
current Y-axis 32 position is read and used as the length of 
that side of the polygoa The ^ave X-axis 30 encoder is 
zeroed at this location. At this point, two sides of the desired 10 
polygon are known. 

To measure four sided polygons, the operator drives the 
scanner 10 using the joystick 157 such that the transducer 
134 is at the comer of the polygon opposite the local or^in, 
and presses a button on the screen indkating that the scanner is 
is at the third reference point Each of the three axis positions 
is recorded. The information stored is sufficient to indicate 
two possible polygons. Tlie shape used will be the polygon 
with an interior angle greater than 180 degrees. 

If the joystick 157' is used during the teach-and-leam 20 
process, the joystick 157 is connected to the scanner end of 
an umbilical cable 26. The umbilical cable 26 connects the 
NDI probes 134 to the data acquisition and analysis system 
22 and a servo amplifier chassis. Hie umbilical cable 26 
assembly includes motor cables, encoder cable, joystick 157 25 
cable, two RF ultrasonic cables, two RF eddy current cables, 
couplant delivery tubing, and a flexible fully zippered 
umbilical cable 26 outer jadcet. The jacket II is made from 
a material that will not scratch or otherwise damage the 
surface under inspection. 30 

In addition to the scan control board 162, the hardware 
subsystem 152 also includes an ultrasonic processor board 
164, an eddy current processor board 166, and a video board. 
Board consolidation may be employed to reduce the number 
of boards used. 35 

The ultrasonic board 164 is a multi-function board that 
includes an analog to digital (A/D) converter, a RF board, a 
video rectification board, a pulser receiver, a multiplexed 
ultrasonic receiver, digital amplitude correction (DAQ, 
hardware gates, data compression, capabilities^ video detec- 40 
tion and run length encoding. 

Hie analog to digital (A/D) portion of the ultrasonic board 
164 operates at a user defined rate. In one embodiment, the 
rate may range between 1 and 100 MSPS, inclusive. The 
A/D conversion rate is selectable in distinct steps between 1 45 
and 100 for convenience. For instance the rate may be 
selected in graduated steps, e.g., 5, 10, 15 SPS, eta The A/D 
board also includes a saniple memory divided between the 
two channels. In one embodiment, the A/D board includes 
an 8 Kb memory divided between the two channels. 50 

The RF board processes and displays RF signals, includ- 
ing fiill wave rectified, positive half wave rectified and 
negative half wave rectified signals. The RF rectification 
portion of the ultrasonic board 164 accepts input from an 
external RF source or other sources having a voltage within 55 
the range of tO.5 V. The data acquisition window for each 
channel is synchronized to the initial pulse or interface 
signal. The start point may be delayed up to 3 msec from the 
synchomization point. 

The pulser receiver is a two channel device that generates 60 
and receives pulses from the ultrasonic transducer 134. The 
channels may be operated simultaneously or multiplex. The 
pulser receiver supports a pulse-echo, pitch-catch, or 
through transmission modes of operation for each channel. 
Each pulser, channel, contains a square wave and a spike 65 
pulser. The operator selects the pulser type to be used on a 
given channel. 
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The square wave pulser uses a digitally programmable 
negative going square wave pulser In one embodiment, the 
square pulser provides pulse voltage over a range of 50 to 
400 V with rise less than or equal to 14 nanoseconds and a 
fall time of 60 nsec. Rise and fall times are measured at 10% 
and 90% amplitude points into a 100 ohm resistive load. The 
operator selects the pulse width over a range of 80 usees to 
1 //sec in 20 nsec steps is provided. The operator also selects 
pulser damping settings in four distinct steps over the range 
of 50 to 400 ohms, inclusive. The spike pulser uses a 
digitally programmable spike pulser. In one embodiment, 
the spike pulser provides pulse voltages over a range of 50 
to 400 V. 

The multiplexed ultrasonic receiver receives and pro- 
cesses input signals. In one embodiment, the receiver has a 
frequency response of 0.5 to 30 MHz at -6 dB and 40 dB 
gain. The receiver provides 0 to 98 dB of gain in increments 
of 0.5 dB (-40 dB to +58 dB). Maximum en-or per 10 dB 
increment is measured at less than or equal to ±1.5 dB with 
a total error over the entire range measured at less than or 
equal to ±2.0 dB. 

The receiver contains high pass and low pass filters. The 
filters may be used separately or in combination to produce 
a specific band pass filter. The receiver includes sufficient 
sensitivity and noise level capabilities. In one embodiment, 
receiver sensitivity is measured with a 200 peak to peak 
input signal and produces a corresponding full scale screen 
signal with a signal-to-noise ratio of 3 dB, when operated, 
for example, at 10 MHz low pass filter mode. The noise level 
does not exceed 40% grass level on screen at maximum 
gain. 

Each receiver channel includes a DAC. The DAC is active 
over the entire acquisition time with each channel being 
independently controllable. The DAC utilizes up to 16 
operator selectable segments with each segment being 
adjustable in width and slope. The operator through the 
software graphical interface selects the appropriate points 
for establishing the DAC cun^e. Each point is independent 
and can provide a positive or negative gain within the range 
of -20 dB to +58 dB. Overall DAC range is 38 dB within 
the overall receiver gain range. The maximum slew rate per 
segment is 24 dB per /sec. 

The ultrasonic board 164 also contains both hardware and 
software gates, as discussed above. The ultrasonic board 164 
inchides four software flaw gates, two hardware flaw gates, 
one interface gate and one back-tracking gate per channel. 
Tlie operator sets the delay and duration of the gates. The 
display is provided in both real time and metal path time. 

\^th respect to the hardware gates, the ultrasonic board 
164 includes one interface gate per channel and two dedi- 
cated flaw gates per channel, llie operator may indepen- 
dently adjust the gate start position and width over the entire 
data acquisition range. The flaw gates acquire and store peak 
and time-of-flight data only. Operator selections are pro- 
vided for acquiring the first signal amphtude in the gate, 
maximum peak signal in the gate, first signal amplimde 
above a selected threshold, and time-of-flight of the signal 
for any selected analysis mode. 

The flaw gates are adjustable in position and width over 
the entire acquisition range. The settings for each flaw gate 
are digitally displayed in the gate cahbration window. The 
display is also viewable by positioning of the system display 
cursor at a desired location on the display monitor. The flaw 
gale may be set to function over an operator selectable data 
acquisition delay. Gate delays are synchronized using either 
the initial pulse or the interface gate. 

The ultrasonic board 164 also provides hardware for 
video detection. In one embodiment, the video board is a 
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VGA color board; however, other board types may be used. 

This hardware permits positive, negative, or full wave video TABLE 2 

signal or complete RF signals to be recorded and stored. 

Additionally, the hardware is associated with software that 
displays video signals while acquiring and storing RF wave- s 

forms. Transducer 
The ultrasonic board 164 further includes hardware run Frequency Diameter 
length encoding for reducing data file size and increasing (MHz) (inches) 
data acquisition rates. The data compression feature includes 
a threshold selection feature that provides noise suppression lo 
of di^layed and acquired data, thus, also serving as a linear 
reject function. The data compression algorithm is discussed 

more fully below. The ultrasonic board 164 also satisfies the gain accuracy 

Tlie ultrasonic board 164 includes software (discussed requirements specified herein when tested in accordance 
more fiilly below) and hardware that permit measurement of is with Paragraph 6.22.2 of AWS Dl.1-94 and Paragriqih 5.6 of 
material thickness. In particular, the ultrasonic-board 164 ASTM £317-85, both incorporated herein by reference, 
components permit measurement of the thickness of alumi- Timing now to the eddy current board 166, the eddy 
num down to 0.012 inches and reliably resolves a change in current board 166 of the data acquisition and analysis system 
graphite/epoxy composite. In one embodiment, the ultra- 22 uses a dual frequency dual channel card for acquisition of 
sonic board 164 resolves graphite/epoxy composite struc- 20 eddy current data. In one embodiment, the eddy current 
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tures ranging in thickness from 1 ply to 120 plies. 

The ultrasonic board 164 meets the horizontal and vertical 
linearity requirements stated herein when tested in accor- 
dance with paragraph 5.2 of ASTM E317^5 and method B 
defined in paragraph 5.3.3 of ASTM E317-85, both incor- 
porated herein by reference. 

The ultrasonic board 164 meets the near surface and depth 
resolution requirements described herein when tested in 
accordance with the following procedure. In both tests, the 



board 166 has a frequency range of 50 Hz to 4 MHz. The 
eddy current board 166 supports absolute, dififerential and 
driver pickup style eddy current probes. 

The eddy current board 166 includes an A/D converter. In 
25 one embodiment, the A/D converter of the eddy current 
board 166 operates at a rate of 2,000 SPS for single channel 
operation and 1,000 SPS for multiple channel operation. The 
converter provides 12 bit resolution. 

The eddy current board 166 also includes a driver and 



reject is in the "ofiT position, and aluminum ASTM blocks 30 receiver. The driver permits adjustment of the drive voltage 

are used. applied to the test coils. The exact voltage applied to the 

The ultrasonic board 164 satisfies the resolution require- coils is a function of their nominal impedance and the 

ments of Paragraph 5.4 of ASTM E317-85, incorporated excitation frequency. The operator selects the specific drive 

herein by reference, when tested in accordance with the integer applied. The receiver adjusts the gain setting. In one 

method outlined in this paragraph using the frequencies, 35 embodiment, the gain is adjusted from 0 to 48 dB in 

transducer 134 diameters, ASTM hole azes and hole depths controlled increments. 

stated in Table 1 below. The 80% and 20 specified in The eddy cuncnt board 166 is associated with software 

Paragraph 5.4 shall be changed to 1000% and 10%, respec- (discussed more fully below) and hardware that provide a 

lively. The indication from the flat bottom hole is clearly display of a clear indication (a vertical deflection of the 

distinguishable from the initial pulse. The peak amplitude of 40 displayed screen, with an operator selectable signal to noise 

this signal meets the peak to valley ratio stated in Table 1 ratio of the vertical component). In <me embodiment the 

when compared to the initial pulse trailing edge valley vertical deflection ranges between 30-40% of the displayed 

amplitude. With the transducer 134 positioned away from screen. The accuracy of the di^lay is measured using Air 

the flat bottom hole, the resulting baseline signal amplitude, Force General Purpose Eddy Current Standard, Part No. 

in the area of the hole signal, is such that the stated peak to 45 7947479-10 or AMS 4928, both incorporated herein by 



valley ratio is also met when compared to the hole signal 
amplitude. 
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In addition to the sensitivity requirement set forth herein, 
the ultrasonic board 164 satisfies the sensitivity requirement 
of Paragraph 5.5 of ASTM E317-85, incorporated herein by 
reference, with the following modifications: (1) the refer- 
ence level indications are 1(X)% of fiill scale instead of 60%, 
(2) the required signal to noise ratio are as specified in Table 
2 below, and (3) the reject is in the "ofiP' position. 



reference. These standards may be used to measure the 
performance for aluminum and titanium materials. It will be 
appreciated that other materials may be selected, and the test 
protocol modified accordingly. 

In a faying surface, the eddy current board 166 provides 
a display of a clear indication (a vertical deflection of the 
displayed screen, with an operator selectable signal to noise 
ratio). The signal to noise ratio is determined by comparing 
average peak to peak signals over a defect free fastener hole 
to repeated scans over one with a defect present to obtain the 
average signal amplitude and the maxinmm width of the 
signal signature traces to obtain the noise amplitude. The 
inspection is conducted with the fasteners installed using a 
reflection or driver pickup type probe. Steel fasteners are 
60 highly susceptible to detection. 

The eddy current board 166 uses dual frequencies to 
reduce unwanted signals from gaps between two 0.040 inch 
thick aluminum sheets. The eddy current board 166 pro- 
duces a minimum of 20% of the displayed screen for a wall 
loss, of 10% originating on the rear side of the second layer. 
The wall loss signal to gap signal ratio is greater than or 
equal lo four. The gap variance range is 0.000 to 0.025 



65 
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inches. The ratio of the electrical noise, with the probe 
stationary, is 10 to 1 compared to the 10% wall loss signal. 
The eddy current board 166 indicates a faying surface 10% 
wall thickness loss over a one inch diameter area in an 
aluminum plate with thicknesses up to 0.120 inches. 5 

The data acquisition and analysis system 22 also includes 
an external signal interface module. The external interface 
module accepts input signals from external NDI equipment 
for acquisition, display and storage. The input is through the 
ultrasonic board 164 via the A/D converter. The sample rate 
can be varied as required. 

In one embodiment, the module converts external signals 
within a ±10 V amplitude range to a compatible range of 
±0.5 V for input to the ultrasonic board 164 A/D converter. 
The converted signals are displayed from 0-100% of fuU 
screen height through the use of the system receiver gain, 
and provides a vertical linearity within 5% of full scale. The 
input impedance is also converted to obtain compatibility 
with the A/D converter. The input connector is of the 
standard BNC type. 

TUming now to a discussion of the data acquisition and 20 
analysis system 22 software subsystem 150, the software 
subsystem 150 includes various software files that control 
the operation of the scanner 10. The software subsystem 150 
stores processor setup, operating and image display param- 
eters on a selected file for easy reference. In essence, the 25 
software subsystem 150 files store the operating parameters 
for controlling scaimer 10 functions. In operation, the files 
permit various types of information to be retrieved and 
evaluated regarding the integrity of the surface under inspec- 
tion. This information includes ultrasonic, eddy current, as 30 
well as other NDI generated data. Upon loading an existing 
file, the operator may repeat any previous scan or rapidly 
alter the system configuration to perform a new scaa 

The software subsystem 150 files include data correction 
functions that correct for offsets in adjacent data strokes due 35 
to mechanical hysteresis. The operator inputs an integer 
value and the software shifts every other stroke by this 
value. 

One version of the software subsystem 150 files is UNIX 
based, and is displayed on the display screen of the host 40 
computer 154 using an X-Windows^/Motif based format. It 
will be appreciated that other software formats may be used. 
The UNIX based format provides the operator the ability to 
adjust the size of any display window, adjust the number of 
open windows, and adjust the layering of the windows as 45 
desired. As discussed above, uso: interface is achieved using 
the keyboard 160 or a pointing device 157 such as a mouse. 
As previously discussed, the operator executes commands 
through the use of pull^Iown and/or tear-ofif mentis. 

The software subsystem 150 permits transferring data 50 
files via modem or LAN to another computer or device for 
post analysis or review. To further facilitate review of the 
stored data or processed information, the software sub- 
system 150 includes files for converting data to commonly 
used data formats, including but limited to, TIFF format 55 
files. If a TIFF converter is used, the files may be reviewed 
and analyzed on a separate computer. In one embodiment. 
National Institute of Health image analysis software, version 
1 .52 or equivalent may be used to analyze the data. 

With respect to ultrasonic, time-of-flight, amplitude and 60 
raw inspection data, the data may be formatted into separate 
TIFF files. With re^ct to eddy current and other NDI 
instrument files, the raw data and image files may be 
formatted as separate TIFF files. The TIFF files may be 
converted to other formats, for example MS-DOS or PC 65 
compatible, without the loss of data or a reduction in the 
data's quality. 
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Additionally, the files include real-time multi-tasking with 
a graphical user interface. The multi-tasking capabilities 
permit an operator to analyze a file, print images firom that 
file, and acquire data simultaneously. The files also provide 
for computer 154 realignment of possible skewed data from 
scanner mechanical hysteresis resulting from bi^jirectional 
scanning. 

The following discussion describes the hardware sub- 
system 152 and the software subsystem ISO capabilities in 
the calibration mode. With regard to ultrasonic calibration, 
the data acquisition and analysis system 22 provides the 
operator with control over scanner 10 related functions, 
including movement, position, and scan parameters. The 
operator also has control over the scanner 10 settings. 
Functions controlled in the calibration mode include gate 
and channel selection, data acquisition type selection, signal 
processing selection, data compression, distance amplitude 
correction (DAC), pulser preamp adjustment, gate adjust, 
and A-scopc. 

With regard to gate and channel selection, the operator 
chooses which channel and gates to be utilized during data 
processing. As previously discussed, the ultrasonic board 
164 includes two channels. Each channel has four software 
flaw gates, two hardware flaw gates, one interface gate, and 
one back-tracking gate. 

Since the operator has control over the type of data 
selected for processing, the operator can configure the 
system to record full RF, video or peak and time of flight 
data. The operator may adjust the A/D rate to discrete values 
as, discussed above, between one and 100 MSPS, inclusive. 

With regard to signal processing selection, the operator 
selects the signal processing method used. The operator may 
also choose to activate the data compression algorithm. The 
data compression algorithm is based on amplitude and 
duration. The RF data must be below the defined amplitude 
for the number of defined data points for compression to 
occur. This ensures that the complete decay of actual signals 
will be recorded. RF values of zero are substituted for the 
data points when the data compression occurs. The result is 
a significant reduction of the data file size. 

Additionally, the operator has control over the distance 
amplitude correction (DAC) function. This function allows 
the operator to apply a conection that adjusts the gain 
applied to the data as a function of time and to normalize the 
amplitude response of signals over time. In one 
embodiment, the data acquisition and analysis system 22 
provides 38 dB of dynamic range for the DAC gain. This 
gain is limited so that the total effective gain is within the 0 
to 100 dB of ^stem gain. 

With regard to pulser preamp adjtistment, the operator 
first selects either the square wave pulser or the spike pulser. 
Secondly, the operator selects the voltagp applied by the 
pulser and the width of the square wave pulser. Next, the 
operator selects the damping, filtering and gain parameters 
to be applied. 

The operator also configures the screen display 158 to 
provide a standard A-scan format of the type normally 
displayed on manual CRT ultrasonic instruments. The dis- 
play 158 provides a plot of percentage full screen height 
versus time. The operator uses this display to perform initial 
system calibration. In this mode, the operator has control 
over the selection of the ultrasonic parameters, including 
delay and duration of gates, A/D rate, gain, pulse voltage and 
duration, and transducer 134 mode. The operator interac- 
tively adjusts these parameters until the proper calibration is 
achieved. 

The operator also adjusts a variety of display features 
from the calibration menu, including rotation, amplitude 
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scale, cursor width, vertical to horizontal ratio, and vertical 
strip chart time scale. These features may be adjusted prior 
to or after data is acquired. Additionally, the operator per- 
forms multifrequency mixing to suppress unde^ed signals 
by selecting the signal to suppress and performing the mix 
in the cah*bration mode. 

The eddy current board 166 permits the setting of a 
hardware null and a selectable software null to define a data 
display/computer reference point. The operator sets the 
hardware null in the calibration mode by performing a 
hardware balance. The operator adjusts the eddy current 
board 166 settings so that the probe operating point is at the 
center of the total impedance dynamic range. 

The operator also adjusts the center refierBnoe point during 
or after data acquisition. The cursor location is defined as the 
null point. The scanner 10 display features are based on this 
null point, and C-scans are computed based upon how the 
given data point differs firom this null point. 

Ibe operator also has control over other eddy current 
calibration features. In the eddy current calibration mode, 
the data acquisition and analysis system 22 acts as a standard 
impedance plane eddy current instrument The operator 
adjusts eddy current related functions from a calibration 
menu selectable from the pull-down menu. Through the 
calibration menu the operator adjusts the operating 
frequency, probe type, gain and coil voltage. In one 
embodiment, the operating frequency ranges between 50 Hz 
and 4 MHz, and the probe type is an absolute, differential or 
driver/pickup. The gain is set between 0 and 48 dB, 
inclusive, and the coil voltage ranges between 1 and 16 V, 
inclusive. 

Id the eddy current calibration mode, the operator also 
adjusts the scan control features. The standard method of 
inspection is to perform boustrophedonic (bi-directional or 
meander) scans. The operator defines a scan pattern by 
specifying the stroke length step and index range, along with 
the sampling grid spacing between pulses. The start and stop 
point for a scan may be any value. This allows the origin for 
the scan to correspond to some reference datum point on the 
component being inspected. 

The data acquisition and analysis system 22 includes a 
variety of analysis featiu^es, each of which will be discussed 
below. The data display capabilities of the data acquisition 
and analysis system 22 permits rapid review of the data for 
possible reportable indications. Consequently, the operator 
can concentrate on performing a detailed review of these 
indications. The data is displayed in cither metric or English 
units of measure. 

The data acquisition and analysis system 22 permits 
adjusting the content and scale of the analysis screen display. 
The operator independently adjusts the area of the display 
used for each of the four major analyses screen elements: 
legend, C-«can, B-scan and A-scao. The legend dii^lays 
system configuration parameters such as file name, scan 
parameters, ultrasonic parameters. 

The C-scan display is a plan top view of data within a 
specified C-gate. The operator chooses what slice(s) to 
display by adjusting the C-gate or by selecting a different 
C-gate. The operator may perform this function at any time 
without repeating the scan. Additionally, the operator dis- 
plays the parameter of interest using a variety of colors 
selectable from the palette. The operator may alter the color 
palette as weU as add values associated with the color(s) 
selected. 

The C-scan display presents the C-scan as either a peak, 
time-of-fiight, dedbel, threshold peak, depth, or polarity 
display. When displayed as a peak, the amplitude C-scan 
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color codes and displays the maximum rectified amplitude in 
the C-gate for each waveform. In the time-of-flight mode, 
the C-scan color codes and displays the time-of-flight for a 
signal in the C-gate for each waveform. The time-of-flight is 

5 selected as either the time to the first threshold crossing or 
the maximum signals within the C-gate. If multiple and 
equal maxima are encountered, the first maximum is used. 
The data can be expressed in terms of time, depth, and metal 
path or in any other appropriate manner. 

With regard to time-of-fiight, this function measures the 
thickness of a surface under inspection as described above 
for the ultrasonic board 164. TWo separate types of results 
are provided. The first provides the location and value of the 
maximum and minimum wall thickness. The second pro- 
vides the percentage of area with a thickness reading greater 

15 than and less than a user specified minimum thickness 
threshold. 

Additionally, when the C-scan is presented as a decibel 
scale, data is di^layed as amplitude values relative to an 
operator defined FSH percentage. As a threshold peak, the 

20 C-scan is the same as the peak C-scan except any data point 
with a value bebw an operator specified threshold is plotted 
as background color. Using the depth type display, the 
C-scan is based on the time-of-fiight data but uses inches 
instead of microseconds for the color m^p. The velocity of 

25 the sound value and the wedge delay are used to calculate 
the depth. The maximum and minimum depth values cor- 
respond to the start and stop of the C-gate. Finally, as a 
polarity display, the color map provides an amplitude map 
with the colors differentiating between positive and negative 

30 going signals. The polarity C-scan type is effective if RF 
data recording was selected. 

The operator may define the upper and lower limit for the 
color scale used for any given C-scan type. Any value above 
or below the selected limits is assigned a specified color 

35 value. The color scale used with the C-scan will be a linear 
distribution between the defined upper and lower limits. 

The operator may select from a variety of existing color 
pallets for use with the C- and B-scans. The operator may 
also modify an existing pallet to generate a new pallet. 

40 Additionally, the data acquisition and analysis system 22 
includes software associated with the ultrasonic board 164 
for analyzing synthetic aperture focusing to correct B- and 
C-scan displays for beam profile parameters, and C-scan RF 
signal leading edge polarity (at zero crossing) display of 

45 either a maximum or minimum, above a selectable 
threshold, signal in a specified A-scan gate or first signal, 
above a selected threshold, in an A-scan gate. The data 
acquisition and analysis system 22 also includes software 
associated with the ultrasonic analyzer 164 for performing 

50 ratio analysis of selected peak amplitude signals or inte- 
grated rectified signals from two separate independent gates 
to determine relative disbond/good bond signal decay rates. 

The data acquisition and analysis system 22 includes 
zoom capabilities. The data acquisition and analysis system 

55 22 uses a maximum of ""n" compression algorithms to 
display images. This routine is used when the number of data 
points is larger than what can be shown on the screen area 
assigned to the image. The operator can zoom the C-scan 
image to display the acquired data points. 

60 The data acquisition and analysis system 22 includes a 
scroll feature that permits an operator to view a C-scan 
having a size that exceeds the screen display limits. For such 
a C-scan, only a portion of the C-scan is displayed at a time. 
The scroll feature allows the operator to pan across the entire 

65 data display. The data acquisition and analysis system 22 
also permits the operator to swap the display axis of the 
C-scan data. 
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The data acquisition and analysis system 22 also includes 
software files for performing statistical analyses on an 
operator selected poition of the C-scan. The statistics cal- 
culations performed include time-of-flight and amplitude 
based analyses. s 

Amplitude statistics examine amplitude measurements. 
Again, two types of results are provided. The first provides 
the location and value of the maximimi and minimum 
amplitude values above an operator specified threshold. The 
second provides the percentage of area with an amplitude lo 
reading greater than and less than an operator specified 
value. 

F^irther, the data acquisition and analysis system 22 
includes an interleave function. This function allows the 
operator to combine data obtained firom separate transducers 15 
134 into a single image. Specifically, this function merges 
the peak aixl time-of-fligbt data from channels 1 and 2 of the 
same data file. 

TUming now to B-scans, a B-scan is a graphic presenta- 
tion of a section view. The B-scan display uses the same 20 
color palette as the amplitude C-scan to represent the 
amplitude of the waveform for each discrete data point 
recorded through time. 

The data acquisition and analysis system 22 includes a 
cursor for moving through the B-scan. The operator uses the 25 
cursor to select a waveform (A-Scan). The wave form is 
displayed below the B-scaa In addition, the operator uses 
the cursor to select a ^cific data point to find the peak 
within the active C-gate. The data acquisitioo and analysis 
system 22 graphically di^lays the incident skew angles in 30 
the B-scan. 

The data acquisition and analysis system 22 permits the 
operator to display the B-scan using colors selected from the 
color palette or using various shades of gray, also selected 
from die color palette. The operator performs time-of-flight 35 
tip defraction analysis while using a polarized gray scale in 
the B-scan. 

The data acquisition and analysis system 22 B-scan 
display includes a zoom function, and uses a maximum on 
^'n" compression algorithms to display images. This routine 40 
is used when the number of data points is larger than what 
can be shown on the screen area assigned to the image. The 
operator zx)oms the B-scan image to show the acquired data 
points. 

The data acquisition and analysis system 22 includes a 45 
scroll feature that permits the operator to view a B-scan 
having a size that exceeds the screen display limits. For such 
a B-scan, only a portion of the B-scan is displayed at a time. 
The scroll feature allows the operator to pan across the entire 
data display. Additionally, the operator may adjust the 50 
B-scan for curvature correction. This function adjusts the 
depth, metal path, and surface position to correct for the 
effect of a curved surface. 

For B-scan data, the data acquisition and analysis system 
22 includes timebase time-of-flight and metal path selection 55 
functions. These functions let the operator display the scan 
in terms of time or distance. The display screen shows the 
chosen units. With regard to the metal path, the zero depth- 
position is defined by the wedge delay. 

The operator performs measurements on signals on the 60 
B-scan using a calibrated measurement function. The system 
uses two measurement cursors. The first is the reference line, 
and the second is the measurement line. The calibrated 
measurement function can be used in two ways. The first is 
to perform a delta measurement. For this application, the 65 
operator places a dotted cursor at one position and a solid 
cursor at a second position. The distance between the two is 
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displayed. The second is to perform a calculated depth 
measurement. This is used to define depth measurements 
based on operator selected signals. The operator selects any 
point within the B-scan and defines the acmal depth of this 
point. This function is geoeraUy used when normal mea- 
surement values are not accurate. 

The data acquisitioa and analysis system 22 also includes 
a weld overlay function. This fiinctk)n displays a pictorial 
representation of the weld on the B-scan d^lay, and helps 
identify reflectors generated due to weld geometry. 
Additionally, the data acquisition and analysis system 22 
includes software for performing Fast Fourier Transform 
(FFT) analysis on selected waveforms in the B-scan (FFT 
may also \x used for C-scan analysis). 

The data acquisition and analysis system 22 also uses 
synthetic aperture focusing techniques (SAFl) to simulate 
the focal properties of a large-aperture, focused transducer 
134 using data acquired with a small-aperture transducer 
134 that has been scaimed over a large area. Line SAFT, a 
two-dimensional version of SAFT, is performed on-line and 
in the field. Line SAFT generally requires significantly 
fewer calculations than three-dimensional SAFT. 

The data acquisition and analysis system 22 includes 
software and hardware for displaying B'-scans. The display 
features discussed for the B-scan are included as elements of 
the B'-scan display. 

With regard to A-scans, an A-scan is a graphic represen- 
tation of the recorded RF waveform. The A-scan is displayed 
in either video or RF mode. The data acquisition and 
analysis system 22 via the ultrasonic board 164 supports RF, 
fill! wave rectified and positive and negative half wave 
rectified data. To display positive and negative half wave 
rectified data, the data must be acquired in the desired half 
wave mode. 

The data acquisition and analysis system 22 includes a 
variety of eddy current analysis features, each of which shall 
now be discussed. The data display capabilities of the data 
acquisition and analysis system 22 are designed to allow 
rapid review of the data for possible reportable indications. 
The operator, thus, can concentrate on performing a detailed 
review of these indications, and performing an analysis of 
the data at any time on any file, including during data 
acquisition. Tli^ data acquisition and analysis system 22 
displays the data in either metric or Engli^ units. 

For example, the eddy current analyzer 166 includes 
software that permits simultaneous presentations of imped- 
ance plane, sweep and C-scans so that the operator can 
monitor the scan images and signal data as they are gener- 
ated. The analysis includes C-scans based on impedance 
magnitude, impedance phase, horizontal impedance 
component, and vertical impedance component. The imped- 
ance phase Cnscan is calibrated in degrees and the other 
C-scans are based on percent of full dynamic range. The 
analysis provides for C-scans based on the spatial derivative 
of above C-scans to characterize signals representing a high 
rate of change in phase and magnitude. 

The analysis also provides for impedance plane displays 
and corresponding sweep displays of the vertical and hori- 
zontal impedance components. The data acquisition and 
analysis system 22 stores the digitized impedance data along 
with positional information. This method of data storage 
permits the generation of the type of C-scan displays dis- 
cussed below along with the creation of synthesized strip 
charts and impedance plane displays. The screen is config- 
ured for combinations of simultaneous data displays, includ- 
ing up to two different C-scans and an impedance plane 
display. The data acquisition and analysis system 22 pro- 



11/14/2002, EAST Version: 1.03.0007 



us 6,220, 

25 

vides the ability to adjust the content and scale of the 
analysis screen display. 

Since the raw data is stored, post inspection software 
parameters such as, but not limited to, phase, vertical/ 
horizontal scaling may be varied and the corresponding s 
C-scans, sweeps and impedance planes recomputed. An 
analysis is provided for variable vertical horizontal ampli- 
tude ratio scaling. Diul frequency mixing is displayed in the 
impedance plane format. The operator adjjusts the area of the 
display used for legend and C-scan information. The legend 10 
displays system configuration parameters such as file name, 
scan parameters, and eddy current parameters. 

As with ultrasonic data, the C-scan is a top plan view of 
the data. For each channel of acquired data, the operator 
displays a choice of C-scaa types, discussed below, for each 15 
channel. The parameter of interest is displayed using color 
(s) selected from the color palette. The operator may alter the 
color palette used as well as the values, if any, associated 
with each color. 

The type of C-scan displays that may be generated include 20 
horizontal amplitude, vertical amplitude, magnitude, phase, 
and first spatial derivative. For horizontal amplitude, the 
horizontal component of the impedance plane data is plotted 
relative to the operator defined center value. The data 
displayed is plotted in terms of eddy current units (ECU). 25 

The eddy cunent board 166 used with the system has a 
total digital dynamic range of ±4K. One data point of that 
dynamic range equals one ECU. Thus, the ECU provides a 
measure of the amplitude of the signal. As to the vertical 
amplitude, the vertical component of the impedance plane 30 
data is plotted relative to the operator defined center value. 
The data is plotted in tenms of ECUs. The magnitude display, 
is a vector sum of the horizontal and vertical displays. The 
magnitude of the impedance plane data is plotted relative to 
the operator defined center value, and the data is plotted in 3S 
terms of ECUs. 

The phase display is plotted as the phase angle of the 
impedance plane relative to an operator defined center. The 
data is plotted io terms of degrees. The operator ^ecifies a 
magnitude threshold for use with the phase C-scan. The 40 
magnitude of any given data point must equal or exceed the 
threshold for the phase C-scan to display any color other 
than the '^mder" color. Finally, the first ^atial derivative of 
any of the above four C-scans can be selected. The operator 
selects the number of data points over which the derivative 45 
is calculated. 

In di^laying the scans, the operator defines the upper and 
lower limits for the color scale used for any given C-scan 
type. Any vahie above or below the defined limits is 
assigned a specific color vahie. The cobr scale used with the 50 
C-scan will be a linear distribution between the defined 
upper and lower limits. The operator selects the desired 
color(s) using the color pallet. The operator may also modify 
an existing pallet to generate a new pallet. 

The data acquisition and analysis system 22 includes a ss 
zoom function for displaying eddy current data. The data 
acquisition and analysis system 22 uses a maximum of "n" 
compression algorithms to display images. This routine is 
used when the number of data points is larger than what can 
be shown on the screen area assigned to the image. The 60 
operator zooms the C-scan image to show the acquired data 
points. 

Another feature of the eddy current board 166 is a scroll 
function. The scroll function permits the viewing a C-scan 
having a size that exceeds the screen display limits. For such 65 
a C-scan, only a portion of the C-scan is displayed at a lime. 
The scroll feature allows the operator to pan across the entire 
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data display. The operator may also swap the display axis of 
the C-scan data using the swap axis function. 

The eddy current analyzer 166 includes a lissajous dis- 
play. Complex impedance data for a specified channel is 
displayed using the lissajous display. The cursor location 
and width define the data displayed. The operator, thus» can 
display the actual data value for any C-scan type and 
channel. 

Additionally, the eddy current analyzer 166 includes a 
vertical/horizontal (V/H) ratio function for applying sepa- 
rate scaling factors to the horizontal and vertical components 
of the signal. This is accomplished using the V/H parameter. 
This variable is a post acquisition item. The V/H parameter 
effects strip charts, lissajous displays and C-scans, and is 
useful in increasing the phase separation between lift-off 
signals and small near surface flaws. 

The eddy current analyzer 166 also inchides high and low 
pass filters for treating the eddy current data. The filters are 
applied to the acquired data. Another feature of the eddy 
current analyzer 166 is a depth indication merge (DIM) file. 
The DIM file combines data obtained from separate chan- 
nels (trarisducers) and/or files inspecting the same volume at 
different skew and/or inspection angles. The results provide 
C- and B-scans of the data where the colors indicate which 
channel or combination of channels have an indication 
above a specified threshold. 

The data acquisition and analysis system 22 provides 
C-scan measurements of defect parameters, including, but 
not limited to, width, length, area, minimum/maximujn 
defect spacing, defect to non-defect area percentage over a 
defined area, mean, standard deviation, X-Y location on the 
part being inspected. Additionally, the data acquisition and 
analysis system 22 generates B-scan measurement of 
parameters, including, but not limited to, defect depth, 
length/width, part thidaiess, and percent remaining part 
thickness. 

The data acquisition and analysis system 22 includes a 
C-scan histogram function that lets the operator select an 
area of the C-scan with a "rubber-band box**. The data in the 
selected area is compiled and displayed such that the number 
of occurrences of data in each data range is indicated in the 
form of a histogram chart 

Finally, the scanner 10 includes a portable scanner 168. 
Hie portable scanner 168 is compatible with the data acqui- 
sition and analysis system 22 of the scanner 10. Like the 
automated scanner 10, the portable scanner 168 is capable of 
ultrasonic and eddy current inspections. The X- and Y-axes 
of the portable scanner 168 may be bcked to facilitate 
rectilinear scanning. Additionally, as with the automatic 
scanner 10, the portable scanner 168 is adapted fior use on 
curved surfaces, and is capable of being vacuum loaded to 
the surface to be inspected. 

It will be appreciated that the scanner 10 has been 
described in accordance with the illustration shown in FIGS. 
1-10, and may include operational and functional charac- 
teristics other than those described. 

Installation 

To facilitate installation of the inspection system 10 by a 
single operator, each axis 28, 30 and 32 may be loaded 
independently. Further, each axis tractor 82, 84 and 86 may 
be loaded independently of its respective track assembly 28, 
30, and 32. The following procedure may be used to install 
the scanner 10. For illustration purposes, the selected inspec- 
tion area for the stated procedure is four feet along the 
X-axes 28, 30 and six feet in the Y-axis 32 direction. The 
operator installs the master X-axis 28 on the surface to be 
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inspected. The master X-axis 2S tractor assembly 82 is detectionof fault conditions, including scanoer 10 slip, drift, 

installed on the X-axis vacuum track 28 assembly. The or excessive velocity. 

operation then installs the slave X-axis track assembly 30. With respect to ultrasonic data acquisition, die data acqui- 

lliis installation is followed by die installation of the slave sition and analysis system 22 utilizes the scan pattern, 

X-axis tractor assembly 84 onto the slave X-axis track 5 ultrasonic calibration and eddy current calibration defined 

assembly 30. The operator next secures the Y-axis track appropriate software file(s). During the ultrasonic 

assembly 32 to the master and slave X-axis tractor assembly data acquisition process, the scan control subsystem 20 

82, 84 using quick disconnect coupling. The Y-axis tractor moves the NDI probes 134 in the prearranged pattern as 

86 and thruster assembly 18 are installed on the Y-axis track defined by the operator. At the specified coordinate positions 

assembly32.Next,theoperatorconnectstheumbiUcalcable lO ^d), the scan control subsystem 20 generates syjc 

assembly 26 to the seamier 10. The seamier 10 is also causes the pulser to pulse and the ultrasonic board 164 

tethered to an external surface to prevent damage in the if^^^^, ^ ^ , . , . l 

event the seamier 10 becomes inadvertently detached from °° t^diuiquo results m the generaUon 

the insoection surface uhrasonic waveforms at specified gnd pomts. The data 

y ' acquisition and analysis system 22 reads the full ultrasonic 

Operation waveform, the video data, or the peak and time of flight 

information for each grid point. Additionally, the operator 

After scanner 10 installation is complete, the operator acquires multiple waveforms at each grid location as well as 

drives the NDI probe(s) 134 to the zero or starting position acquiring eddy current data simultaneously, multiplexed, 

using the handheld joystick 157' and zeros the encoders by with ultrasonic scans. Converted signals from other NDI 

pressing a single control. If a scan plan has not been taught, equipment are collected in the same pulse on position manor, 

the operator accomplishes teaching the inspection area as Eddy current data acquisition occurs similarly. This activ- 

described herein. If a scan plan has already been taught, the ity is done simultaneously with ultrasonic data acquisition or 

operator inputs the scan plan via an applicable file name. separately, as the eddy current board 166 is continuously 

If performing an ultrasonic inspection, the system operating. When a sync pulse is received, the horizontal and 

prompts the operator to enable the couplant supply syston " vertical components of the impedance data for each active 

24 prior to scanning and to disable the couplant system 24 frequency and probe are recorded. The acquired data is 

at the termination of the scanning sequence. ^^^^^d in memory as a background task during daU acqui- 

Upon operator initiation of a scan cyde, the scan control f P^*=°^ due to AC power interrup- 

subsystem 20 drives the scanner 10 back to the zero position ^ . . ^ . , 

(if not already at this position) and commences the scanning ^° There are a vanety of configurations that may be 

operation upon operator command. The operator selects the employed to fabricate the scanner 10. Thus, the disclosed 

format for displaying the data. For instance, the operator embodiment is given to dlustrate the mvention. However, it 

selects real-time amplitude based or time-of-flight based ^not intended to limit the scope and spirit of the invention. 

C-scans or selects to display the RF waveform data. A invention should be hmited only by the 

C-scan is generated for each gate utilized per channel, appended claims, 

though only one C-scan at a time is displayed. We claim: 

Tuj* J* u J ♦ j-i j/i- 1. A surface scanner compnsmg: 

The data acquired at each gnd point IS displayed (a C-scan ^ . , f, ^ . . . j 

and an A-scan) in near real-time. This provides direct visual « ^"^^ track assembly supporting a first motorized 

feedback of both scanner location and direction. In addition, 4^ ^ a - 

the quality of the data may be verified. AdditionaUy, the ^ second flexible track assembly supporting a second 

scanner 10 is monitored for slippage by using a close loop motorized tractor assembly; 

tolerance technique. Excess slippage or drift causes the a track assembly supported by the first track assem- 

system to automatically terminate the scan and provide an Wy and the second flexible track assembly; 

error message. 45 a third motorized tractor assembly supported by the third 

As discussed above, the movement of the scanner 10 ^^^^ assembly; 

assembly is controlled by an external three-axis scan control ^ thruster assembly supported by the third motorized 

subsystem 20. The scan control subsystem 20 manipulates tractor assembly; 

the NDI probes 134 using the preprogrammed rectilinear at least one inspection probe supported by the thruster 

scan pattern. This scan pattern is referenced to the operator 50 assembly; 

defined global coordinate system. The manipulation of the scan control means for moving said at least one inspection 

NDI probe 134 along the global axes is accomplished by probe over a surface to be inspected; and 

coordinating the movement of the master X-axis tractor 82, data acquisition and analysis means for acquiring data 

slave X-axis tractor 84 and the Y-axis tractor 86 along their from said inspection probe related to a scan of at least 

respective track systems 28, 30, and 32. ss a portion of said surface, and analyzing said data for 

In controlling the scanner 10, the operator may enter a defects in said surface, 

pause command, temporarily suspending the scanner 10 2. The surface scanner as defined in claim 1, wherein the 

operation, at any time during the scan cycle. AdditionaUy, first flexible track assembly and the second flexible track 

the scan cycle may be terminated under three conditions: assembly include a phirafity of interconnecting track plates, 

normal completion, operator termination and system termi- 60 3. The surface scanner as defined in claim 2, wherein the 

nation. A normal completion occurs when the scanner 10 has track plates are flexible members, said track plates do not 

completed the entire specified scan pattern. The operator plastically deform upon bending and twisting, 

may terminate the scan ai any time, and the data acquired 4. The surface scanner as defined in claim 3, wherein the 

analyzed. However, when a scan is terminated before interconnecling track plates are fabricated of spring steel, 

completion, the appropriate software subsystem 150 file is 65 5. The surface scanner as defined in claim 3, wherein the 

updated to provide a message that the scan was only partially track plates are adjusted to mate with complex surface 

completed. Finally, the system will terminate the scan upon configurations. 
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6. The surface scanner as defined in claim 5, wherein the 28. The surface scanner as defined in claim 1, wherein the 
track plates are adjusted to mate with aircraft surfaces. third tractor assembly supports an optical encoder. 

7. The surface scanner as defined in claim 1, wherein the 29. The surface scanner as defined in daim 1, wherein the 
first flexible track assembly and the second flexible track surface scanner is lightweight. 

assembly support a plurality of vacuum cup assemblies 5 30. The surface scanner as defined in claim 1, wherein 

coupled to a vacuum source. articulating joints couple the third track assembly to the first 

8. The surface scanner as defined in claim 7, wl^rein the track assembly and the second track assembly. 

scanner includes a warning for alerting an operator of a loss 31. The surface scanner as defined in claim 30, wherein 

of vacuum pressure. the joints permit non-parallelism and twist of the first track 

9. The surface scanner as defined in claim 8, wherein each assembly and second track assembly relative to one another, 
vacuum cup forming the plurality of vacuum cup assemblies 32. The surface scanner as defined in daim 30, wherein 
includes a mounting hinge for adjusting the angular position the joints are quick connect and disconnect couplers. 

of the vacuum cup assembly. 33. The surface scanner as defined in claim 1, wherein the 

10. The surface scanner as defined in claim 1, wherein the third track assembly supports a master mounting bracket for 
first flexible track assembly and the second flexible track permitting movement along multiple axes of fhsedom. 
assembly support end of travel stops at each end thereof. 34. The surface scanner as defined in daim 33, wherein 

11. The surface scanner as defined in claim 1, wherein the the master mounting bracket includes an angle dial plate, 
first flexible track assembly and the second flexible track 35. The surface scanner as defined in claim 34, wherein 
assembly each supports gear racks. the master mounting bracket includes an indicator for mark- 

12. The surface scanner as defined in claim 11, wherein ing the angular position of the angle dial plate. 

each gear rack receives a mating gear supported by the 20 36. The surface scanner as defined in daim 35, v^rein 

respective tractor assembly. the master mounting bracket includes a pivot mechanism for 

13. The surface scanner as defined in daim 12, wherein permitting a relative change in position of the third track 
the mating gpar is a pinion gear. assembly and the first track assembly. 

14. The surface scanner as defined in daim 13, wherein 37. The surface scanner as defined in daim 36, wherein 
the pinion gear is motor driven. 25 the pivot mechanism includes an upper pivot block and a 

15. The surface scanner as defined in claim 1, wherein the lower pivot blodc 

first tractor assembly aiid the sea)nd tractor assembly sup- 35 jhe surface scanner as defined in daim 1, wherein the 

f 5 "^2,^ f^f^*'^^ seamier includes vacuum coupled fixturing for offsetting the 

fsL^ bl ^^'^ ^'^^ 

^'TrXhesurfacescamierasdefinedinclaiml, wherein the ^^^^^^ 1 • k • k 

first tractor assembly and the second tractor assembly sup- J^' surface scanner as defined m claim 1, wherem the 

port at least one clamping handle for respectively coupling as^mbly has a liner stroke of 6 feel, 

the first tractor assembly and the second tractor assembly to surface scanner as defined m claim 1, wherem the 

the first flexible trade assembly and the second flexible track factor assembly supports a BNC connector array, 

assembly. surface scanner as defined in daim 1, wherein the 

17. The surface scanner as defined in claim 1, wherein the third tractor assembly supports said thruster assembly for 
first tractor assembly and the second tractor assembly each moving the scanner over the surface to be inspected, 
supports an optical encoder. 42. The surface scanner as defined in claim 41, wherein 

18. The surface scanner as defined in claim 1, wherein the the thruster assembly is supported by either the top or 
second tractor assembly includes a position adjustment 40 bottom surface of the third track assembly, 
mechanism for permitting movement along three axes of 43. The surface scanner as defined in daim 42, wherein 
freedom relative to the third track assembly. the thruster assembly includes a slide block for facilitating 

19. The surface scanner as defined in claim 1, wherein the movement of the thruster assembly. 

third track assembly includes one track plate coupled to a 44. The surface scanner as defined in daim 1, wherein the 
rigid strut. 4S third tractor assembly supports nondestructive inspection 

20. The surface scanner as defined in daim 19, wherein probes. 

the third track assembly is fabricated with a spring steel 45. The surface scaimer as defined in daim 44, wherein 

track plate and aluminum strut. the third tractor assembly includes a gimbal for supporting 

21. The surface scanner as defined in claim 1, wherein the one or more nondestructive inspection (NDI) probes, 
third track assembly supports end of travel stops at each end 50 46. The surface scanner as defined in daim 45, wherein 
thereof. the NDI probes indude mechanical impedance, ultrasonic or 

22. The surface scanner as defined in claim 1, wherein the eddy current NDI probes. 

third track assembly supports a giear rack. 47. The surface scanner as defined in daim 45, wherein 

23. The surface scanner as defined in daim 22, wherein the inspection probes indude a single transducer probe, 
the gear rack receives a mating gear supported by the third 55 48. The surface scanner as defined in daim 45, wherein 
tractor assembly. the inspection probes include an eddy current probe sled 

24. The surface scanner as defined in claim 23, wherein assembly. 

the mating gear is a pinion gear. 49. The surface scanner as defined in claim 45, wherein 

25. The surface scanner as defined in daim 24, wherein the gimbal positively loads the inspection probes, keeping 
the pinion gear is motor driven. 60 them in contact with the surface to be inspected. 

26. The surface scanner as defined in claim 1, wherein the 50. The surface scanner as defined in claim 49, wherein 
third tractor assembly supports a plurality of guide rollers the gimbal supports a gas spring for positively loading the 
for engaging the third track assembly. inspection probes. 

27. '^The surface scanner as defmed in claim 1, wherein the 51. The surface scanner as defined in claim 50, wherein an 
third tractor assembly supports at least one clamping handle 65 interface block couples the gas spring to the gimbal. 

for coupling the third tractor assembly to the third track 52. The surface scanner as defined in claim 1, wherein the 

assembly. scanner further includes a plurality of inspection probes that 
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are NDI probes and said scanner includes a couplant deliv- floppy disk drive in combination with a 500 Mb internal hard 

cry system for supplying couplant fluid to the NDI probes. drive, and an external 1 Gb read/write optical drive. 

53. The surface scanner as defined in claim 52, wherein 78, The surface scanner as defined in claim 57, wherein 
the probes are ultrasonic probes and said couplant delivery the data acquisition and analysis means further cooperates 
system supplies couplant fluid to the ultrasonic NDI probes. 5 with the scan control means, including a scan control 

54. The surface scanner as defined in claim 52, wherein system, for controlling the movement of the scanner. 

the couplant delivery system includes a delivery pump for 79. The surface scanner as defined in daim 78, wherein 

circulating the couplant fluid, a supply tank for retaining the the scan control system includes a scan control board, 

couplant fluid, and tubing interconnectiag the pump, the 80. The surface scanner as defined in claim 79, wherein 

supply tank and the NDI probes. the scan control board is a multi-axis controller, controlling 

55. The surface scanner as defined in claim 54, wherein movement of the first tractor assembly, the second tractor 
the couplant deliver system includes a filter for removing assembly, the third tractor assembly and the thruster assem- 
particulates from the couplant fluid bly. 

56. The surface scanner as defined in daim 54, wherein 81. The surface scanner as defined in daim 80, wherein 
the couplant delivery system further includes couplant the scan control S3^tem indudes software for controlling the 
retrieval gutters. function of the scan control board. 

57. The surface scanner as defined in claim 52, wherein 82. The surface scanner as defined in claim 81, wherein a 
the data acquisition and analysis means includes a system scan pattern of the scanner is preprogrammed. 

for analyzing and storii^ the data acquired by the NDI 83. The surface scanner as defined in daim 82, wherein 

probes. the scan pattern is programmed using a teach-and-leam 

58. The surface scanner as defined in daim 57, wherein 20 technique for inputting data points that define the overall 
the data acquisition and analysis system includes both scan area and shape. 

hardware and software subsystems. 84. The surface scanner as defined in daim 82, wherein 

59. The surface scanner as defined in claim 58, wherein the scan pattern is programmed using a global coordinate 
the data acquisition and analysis hardware subsystem system which permits referencing data points using identical 
includes a host computer. 25 coordinate systems laid-out on the actual surface Id be 

60. The surface scanner as defined in daim 59, wherein "^P?^ ^^J^^ ^P^^ J^™.*^ . . 
the computer is portable. ^ surface scanner as defined m daim 57, wheicm 

61. TTie surface scanner as defined in daim 59, wherein "^"^ ^ f^^f' 

the computer includes an Intel 486 DX2/65 MHz micropro- ^^^^Scl^^'a^^^ wherein 

cesser. ^ « ^ ^ the data acquisition and analysis means further includes a 

62. -Die surface scanner as defined m daim 59, wherem hardware^system having an eddy current board for pro- 
ihe computer mchides 64 Mb of RAM. cessing eddy current data. 

63. The surface scanner as defined in daim 59, wherein 57 surface scanner as defined in daim 57, wherein 
the data acquisition and analysis system includes an unin- ^j^ta acquisition and analysis meais fiirther inchides a 
termptible power supply. 35 software subsystem having software files for controUing 

64. The surface scanner as defined m daim 59, whereio scanner system operattocs. 

the computer inchides an outer chassis. 88. The surface scanner as defined in daim 87, wherein 

65. The surface scanner as defined in daim 64, wherein software subsystem includes software for performing 
the chassis houses a keyboard. ultrasonic data processing and analysis. 

66. The surface scanner as defined in claim 65, wherein 40 39 j^^^ surface scanner as defined in daim 87, wherein 
the chassis supports a visual display for displaying the software subsystem includes software for perfonning 
acquired and processed data from said data acquisition and ^^^1 data processing and analysis. 

analysis means. 90 surface scanner as defined in daim 87, wherein 

67. The surface scanner as defined in daim 66, wherein jjje software subsystem includes software for performing 
the visual display is a VGA monitor. 45 mechanical impedance data processing and analysis. 

68. The surface scanner as defined in daim 67, wherein 9^ ^ surface scanner comprising: 

the VGA monitor is a color motutor. ^ . ^ . a fiist flexible trade assembly supporting a first tractor 

69. The surface scaimer as defined m daim 64, wherein assemblv 

the ch|^ supports, pointing device. a second flexible track assembly supporting a second 

70. The surface scanner as defibaed m daim 64, wherein 50 tractor assembl ' j rr © 
the chassis includes ports for connecting to external devices. ....^^^'^ 1 j 1. a. - 

71. The surface scanner as defined in daim 64, wherein » third trade assembly, one end thereof bemg supported by 
thechassisinchidesportsforcomiectingtoextemaldevices. flexible trade assembly and the opposite end 

72. The surface scanner as defined b daim 64, wherein supported by the second flexible track assembly; 
the chassis supports a connection for a joystick- 55 » ^^^^ assembly supported by the third trade 

73. The surface scanner as defined in claim 64, wherein assembly; 

the chassis supports a data storage means for storing said » thruster assembly supported by the third U-actor assem- 

data. Wy; 

74. The surface scanner as defined in claim 73. wherein o°e or more NDI probes supported by the thruster assembly 
the data storage means is a floppy disk drive. 60 acquiring data concerning a surface to be inspected; 

75. The surface scanner as defined in claim 73, wherein a scan control system for moving the NDI probes over the 
the data storage means is an internal storage device. surface to be inspected; and 

76. The surface scanner as defined in claim 73, wherein a data acquisition and analysis system for processing and 
the data storage means is a combination of an external analyzing the data acquired by the NDI probe, 
storage device and an internal storage device. 65 92. The surface scanner as defined in claim 91, wherein 

77. The surface scanner as defined in claim 6, wherein the the scanner includes a couplant delivery system for deliv- 
internal and external storage devices includes a 1.44 Mb 3.5 ering couplant fluid to the NDI probes. 
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93. The surface scanner as defined in claim 91, wherein 
the NDI probes include ultrasonic, eddy current and 
mechanical impedance data probes. 

94. The surface scanner as defined in claim 91, wherein 
the data acquisition and analysis system includes hardware 
and software subsystems for controlling scanner functions. 

95. The surface scanner as defined in claim 91, herein in 
the scan control system includes a global coordinate system 
for referencing data points on the surface under inspection 
and di^laying an image correlated with said data points. 

96. A method for installing a surface scanner comprising: 
coupling a first track assembly onto a surface to be 

inspected; 

drawing a vacuum pressure through vacuum cups sup- 
ported by the first track assembly, creating a suction 
force adhering the vacuum cups to the surface; 

coupling a first tractor assembly to the first track assem- 
bly; 

coupling a second track assembly onto a surface to be 
inspected such that first track assembly is oSiset firom 
the second track assembly; 

drawing a vacuum pressure through vacuum cups sup- 
ported by the second track assembly, creating a suction 
force adhering the vacuum cups to the surface; 
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coupling a second tractor assembly to the second track 
assembly; 

coupling a third track assembly to the first track assembly 
and the second track assembly such that the third track 
assembly spans the gap between the first track assem- 
bly and the second track assembly; 

coupling a third tractor assembly to the third track assem- 
bly; 

10 coupling a thruster to the third tractor assembly, wherein 
the thruster supports NDI probes; and 
controlling movement of said NDI probes over at least a 
portion of a surface to be scanned to acquire data from 
said NDI probes related to said scan. 
IS 97. The method of installing a surface scanner as defined 
in claim 96, wherein the step of controlling movement 
further includes step of an external data acquisition and 
analysis for controlling scanner functions. 
98. The method of installing a surface scanner as defined 
20 in claim 97, wherein the step of data acquisition and analysis 
includes software for defining a global coordinate system for 
referencing a point on the surface inspected to an identical 
point on a corresponding scanned image. 
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A Don-destnictive inspection, testing and evaluation system 
and process is provided for the review of aircraft compo- 
nents. The system provides for a structure configured to 
contain an inspection and testing apparatus and the aircraft 
components under inspection. The structure is lined with 
shielding to attenuate the emission of radiation to the outside 
of the structure and has corbels therein to support the 
components that constitute the inspection and testing appa- 
ratus. The inspection and testing apparatus is coupled to the 
structure, resulting in the formation of a gantry for support- 
ing a carriage and a mast is mounted on the carriage. The 
inspection and testing equipment is mounted on the mast 
which forms, in part, at least one radiographic inspection 
robot capable of precise positioning over laige ranges of 
motion. The carriage is coupled to the mast for supporting 
and allowing translation of the equipment mounted on the 
mast. The mast is configured to provide yaw movement to 
the equipment. 

16 Claims, 11 Drawing Sheets 
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Fig. 1A 
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Fig. 6 



Fig. 7 
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Fig, 12 
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NON-DESTRUCnVE INSPECTION, are the most familiar type of radiation used in this technique, 

TESTING AND EVALUATION SYSTEM FOR although good damage detection has been done using neu- 

INTACT AIRCRAFT AND COMPONENTS tron radiation. Most materials used in aircraft component 

AND METHOD THEREFORE manufacturing are readily acceptable to X-rays. In some 

5 instances, an opaque penetrant is needed to detect many 

This invention was made in the performance of a coop- defects. Real-time X-rays are starting to be used to permit 

erative research and development agreement with the viewing the area of scrutiny while doing the procedure. 

Department of the Air Force. This invention may be manu- Some improvement in resolution has been achieved by using 

factured and used by or for the Govemment of the United a stereovision technique where the X-rays are emitted from 

States for all government purposes without the payment of to dxial devices which are ofi^t by about 15*. When viewed 

any royalty. together, these dual images give a three-dimensional view of 

the material. Still, the accuracy of X-rays is generally no 

FIELD OF THE INVENTION better than ±10% void content. Neutrons (N-ray), however, 

Tlic following invention is generally related to instrumcn- ^an detect void contents in the ±1% range. The diflSculty is 

talities and methodologies for the non-destructive obvious problem with safety and radiation sources. In 

inspection, and especially for testing and evaluation of addition to the normal use to detect internal flaws in the 

aircraft components. metals and composite structures. X-rays and neutrons can 

detect misalignment of honeycomb cores after curing. 

BACKGROUND OF THE INVENTION Ultrasonics. TTiis is most common method for detecting 

Recent tragedies in aircraft transportation has caused ^ flaws in composite materials The method is performed by 

concern over the ability of airlines to evaluate the airwor- scanning the material with idtrasooic energy while monitor- 

thiness of aircraft within their respective fleets. As airframes ing the reflected energy for attenuation (diminishing) of the 

age, the characteristics of the materials that constitute the signal. The detectbn of the flaws is somewhat frcquency- 

airframe components change due to the stresses and strains dependent and the frequency range and scanning method 

associated with flights and landings. The material goes ^ most often employed is called C-scan, In this method, water 

beyond the point of elasticity (the point the material returns is used as a coupling agent between the sending device and 

to its original condition) and into the point of plasticizing or Ihe sample. Therefore, the sample is either immersed in 

worse, beyond to failure. As a residt, inspections and testing water or water is sprayed between the signal the signal 

are conducted on aircraft components periodicaUy during transmitter and the sample. This method is effective in 

the aircraft's component life cycle as are mandated by detecting defects even in thick samples, and may be used to 

governing bodies and based largely on empirical evidence. provide a thickness profile. C-scan accuracies can be in the 

Currently commercial industry inspection and repair ±l%rangcforvoidcontent.Aslightly modified method caU 

method are inefficient, cosdy and not standardized. Their ^^^an can detect stif&iess of the sample by using the wave 

inspection and repair procedures and processes have speed, but requires that the sample density be known, 

changed little in the past 20 or 30 years and have not solved Acousto-ultrasonics. This analysis method is similar to 

the ''Aging Aircraft** safety problems. Inspection of aircraft ultrasound except that separate sensors are used to send the 

components are historically limited to the ''Tap Test,*' visual signal and other sensors are used to receive the signal. Both 

inspection, and Eddy Current analysis. Standardized tech- sensors are. however, located on the same side of the sample 

nical repairs are nonexistent. Commercial safety integrity is so a reflected signal is detected. This method is more 

continually compromised by not determining the extent of quantitative and portable than standard ultrasoimd. 

aircraft structure corrosion and fatigue. Acoustic emission. In this method, the sounds emitted by 

Unfortunately, maimed inspection is still the state of the a sample are detected as the sample is subjected to a stress, 

art. Inspection timetables are developed and updated prima- The stress can be mechanical, but need not be. In actual 

rily as a function of anecdotal evidence, all too frequendy practice, in fact, thermal stresses are the most commonly 

based on airline catastrophes. employed. Quantitative inteipretation is not yet possible 

Inspections and testing are bificurated into two areas: except for well-documented and simple shapes (such as 

destructive testing and nondestructive in^ectwn (NDl), cylindrical pressure vessels). 

nondestructive testing (NDT^ or nondestructive evaluation Thermography. This method, which is sometimes call IR 
(NDE). The area of destructive testing, as the name imphes, 5q thermography, detects differences in the relative tempera- 
requires the aircraft component under scrutiny to be turcs of the surface and. because these temperature dififer- 
destroyed in order to determine the quaUty of that aircraft ences are affected by internal flaws, can indicate the location 
component This can result in a costly endeavor because the of those flaws. If the internal flaws are small or far removed 
aircraft component is destroyed even though it passed the from the surface, however, they may not be detected. Two 
test procedure. It is, therefore, no longer available for use. 55 modes of operation are possible-active and passive. In the 
Frequently, where destmctive testing is done on samples active mode, the sample is subjected to a stress (usually 
(e.g. coupons) and not on actual components, the destructive mechanical and often vibrational) and then the emitted heat 
test may or may not be reflective of the forces that the actual is detected. In the passive mode, the sample is externally 
component coukl or would withstand within the flight enve- heated and the thermal gradients are detected, 
lope of the aircraft. 50 Optical holography. The use of laser photography to give 

On the other hand, NDI, NDT or NDE have the obvious three-dimensional pictures is call holography. This method 

advantage of being applicable to actual aircraft components can detect flaws in samples by employing a double-image 

in their actual environment. Several important methods of method where two pictures are taken with an induced stress 

NDI. NDT or NDE that are performed in a laboratory setting in the sample between the limes of the pictures. This method 

are listed and summarized below. 55 has had limited acceptance because of the need to isolate the 

Radiography. This is a general term for the inspection of camera and sample from vibrations. Phase locking may 

a material by subjecting it to penetrating irradiation. X-rays eliminate this problem. The stresses that are imposed on the 
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sample are usually thermal. If a microwave source of stress 
is used, moisture content of the sample can be detected. For 
composite material, this method is especially useful for 
detecting debonds in thick honeycomb and foam sandwich 
constructions. A related method is called shearography. In 
this method, a laser is used with the same double exposure 
technique as in holography with a stress applied between 
exposures. However, in this case an image-shearing camera 
is used in which signals from the two images are superim- 
posed to give interference and thereby reveal the strains in 
the samples. Because strains are detected, the size of the 
pattern can give an indication of the stresses concentrated in 
the area and, therefore, a quantitative appraisal of the 
severity defect is possible. This attribute, plus the greater 
mobility of this method over holography, and the ability to 
stress with mechanical, thermal, and other methods, has 
given this method wkle acceptance since its introduction. 

Even though there are a wealth of diagnostic tools, there 
is a need to provide systems and principled processes to 
execute NDI, NDT and NDE of aircraft and their constituent 
components to take advantage of the methods briefly 
described above in order to better characterize the material 
properties of materials used in the manufacturing of aircraft 
components. The present invention fulfills this need outside 
of a laboratory setting. 

The present invention includes three robotic imaging 
inspection methods and technologies: real-time X-ray, N-ray 
and laser ultrasonics. When used separately, certain imaging 
inspection methods find certain aircraft structural defects. 
For example, the present invention's N-ray imaging inspec- 
tion methodology locates corrosion and measurable loss of 
structural material. The present invention's real-time X-ray 
imaging inspection methodology can find the smallest of 
structural cracks; while the uhrasonics methodology locates 
defect regardless of a composite or metal structure's con- 
figuration. When used in combination on any given aircraft 
or component, all structural defects and discrepancies can be 
located within high precision and trend analysis of future 
defect problems per model and series aircraft can be formu- 
lated and determined. 

The foUowing citations reflects the state of the art of 
which applicant is aware and is included herewith to dis- 
charge applicant's acknowledged duty to disclose relevant 
prior art. It is stipulated, however, that none of these 
citations teach singly nor render obvious when considered in 
any conceivable combination the nexus of the instant inven- 
tion as disclosed in greater detail hereinafter and as particu- 
larly claimed. 
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panels, mounts and brackets, control surfaces, landing gear, 
the components and pieces thereof; flight surfaces, compo- 
nents and pieces thereof; a powerplant, its sections, its 
components and pieces thereof; sections of a fuselage and its 
entirety; to the whole aircraft positioned in an inspection bay 
or hangar. 

NDI, NDT or NDE systems and processes having the 
characteristics of the present invention constitute a structure, 
preferably configiu-ed as an enclosure, to contain an inspec- 
tion and testing apparatus and the aircraft components under 
inspection. The structure is lined with shielding to attenuate 
the emission of radiation to the outside of the enclosure and 
having ooifoels therein to support the components that con- 
stitute the inspection and testing ^aratus. The inspection 
and testing apparatus is coupled to the structure, resulting in 
the formation of a gantry for supporting a carriage and a 
mast mounted on the carriage. An electromagnetic radiation 
emitter, electromagnetic radiation detector or both are 
mounted on the mast wfafeh forms, in part, at least one 
radiographic inspection robot capable of precise positioning 
over large ranges of motion. The carriage is coupled to the 
mast for supporting and allowing translation of the at least 
one electromagnetic radiation emitter and detector mounted 
on the mast, herein the mast is configured to provide two 
axes movement of the electromagnetic radiation emitter, 
detector or both. 

The emitter, detector or both is configured to provide 
rotation about at least one axis of pitch, roll and yaw motion 
of the emitter, detector or both. 

Such NDI, NDT or NDE systems and process are pref- 
erably configured wherein the emitter, detector or both are 
configured as a yoke to provide rotation about at least one 
axis of pitch and roll motion of the emitter, detector or both. 
The yoke could include first and second members capable of 
adjusting the distance between the members; whereby the 
first member supports a source of electromagnetic radiation 
and the second member supports at least one of an electro- 
magpetic radiation detector or an imaging device. 

An NDI, NDT or NDE system or process having the 
characteristics of the present invention preferably contains 
the steps to perform the method for the non-destructive 
inspection and testing of aircraft components including a 
database comprising at least one profile of a prototypical 
aircraft component, maintaining an enclosiu'e at constant 
environmental conditions, placing at least one aircraft com- 
ponent into the enclosure and allowing sufficient time to 
permit the aircraft component to reach the constant envi- 
ronmental conditions, precisely placing reference markers 
5Q on specific areas of the aircraft component, reading the 
location of the reference markers, comparing the reading 
with the at least one profile and reporting the resultant of the 
comparison. The reference markers introduce the aircraft to 
the system and can uncover gross distortions in the aircraft's 
geometry, and aircraft location. 

Further characteristics of the present invention include a 
gantry robot having a yoke to which an attached scanning 
apparatus provides the capability to reposition the yoke and 
The present invention is directed to systems and processes scanning apparatus without the need for disassembly. The 
that perform NDI, NDT and NDE on aircraft in whole and 60 joints of the yokes are configured so as to be capable of 
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SUMMARY OF THE INVENTION 



for components individually. One key to the present inven- 
tion involves systematic, automated inspection coupled with 
comparison to a standard. 

The term "aircraft components" encompasses, but not 
limited to: items as small as individual fasteners, pieces, 
sections or strands of wiring, materials, fasteners once 
installed and in their environment, weld seams, sections of 



65 



articulation such that each leg of the yoke may be raised or 
lowered. By allowing each leg of the yoke to be raised or 
lowered, the scanning apparatus may be used to scan areas 
of an intact aircraft that would otherwise be difficult or 
impossible to scan. 

As previously stated the present invention has one or 
more robots. The use of multiple robots provides several 
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advantages. Firstly, multiple robots allow simultaneous linainary design of the robots is analyzed to identify any 

inspection of several areas of an aircraft, thereby reducing frequencies at which such robots might resonate. Any inter- 

the time required to inspect an aircraft. Secondly, multiple action between the resonant frequencies of the building and 

robots avoid the need for a single long supporting beam, the resonant frequencies of the robot are analyzed. Based on 
which would reduce positioning accuracy and repeatability. 5 the results of the analysis, the preliminary design of either or 

Thirdly, multiple robots allow each robot to be specifically both of the building and the robots may be modified to 

designed to inspect particular areas of an aircraft, thereby correct any deficiencies. 

allowing accommodation of special attributes of the various The dimensional, strucmral, and functional requirements 

of any end efifectors mounted on the robots are determined, 

A structure is provided to contain inspection apparatus and a preliminary design of the end effectors is made. The 
and items under infection and defines an enclosure. The preliminary design of the end effectors is analyzed to idea- 
structure comprises walls, a ceiling, and a floor. A hanger tify any frequencies at which such end effectors might 
door entrance is defined in a wall. Tlie hanger door entrance resonate. Any interruption between other elements, such as 
is equipped with a hanger door. The walls, ceiling, and the building or the robots, is analyzed. Based on the results 
hanger door are designed to attenuate x-ray radiation and of the analysis* the preliminary design of any or all of the 
neutron radiation. building, robots, or end effectors may be modified to correct 

Corbels are provided to support multiple robots. The any deficiencies, 

walls, ceiling, and hanger door entrance are designed to Another factor to be considered is the type of earthquake 

support the corbels, which provide x-axis translation. The region in whidi the facility is to be located. Different 

structure is designed to accommodate structural toading earthquake regions may exhibit earthquakes having different 

while maintaining accuracy and repeatability of robot posi- characteristics, for example earthquakes having vibration 

tion over six axes of movement within a narrow range of and motion of predominantly a certain frequency range. This 

tolerances better than ±0.250 inches, and preferably better frequency range is determined for the location at which the 

than ±0.160 inches. The structure accommodates structural facility is to be located based on geological data. The 
loading of various types, for example floor loading, wind ^ preliminary designsofthe building, robots, and end effectors 

loading and loading from the mass of the robots. is analyzed base on anticipated excitation from earthquakes. 

One embodiment of the invention includes a plurality of Based on the results of the analysis, the preliminary design 

carriages on a single beam. For example, one carriage may of any or all of the building, robots, or end effectors may be 

provide support and translation of a robot for n-ray modified to correct any deficiencies, 

radiography, and another carriage may provide support and When the preliminary designs of the buildings, robots, 

translation for a robot for x-ray radiography. and end effectors are completed, modeling of the entire 

Tlie inspection facility is designed to protect personnel system may be performed to assure accuracy and repeat- 

from radiation hazards (induding X-rays and neutrons). ability of robot positioning. Oscillatory exdtatioo of the 

Shielding, including shielding of walls* doors, and windows system components icsultiiig from robot motion and aocel- 

is provided. Interlodcs are provided to prevent the emission eration and deoeleratioa may be analyzed. Designs of the 

of radiation when persoimel might be endangered, such as system components may be modified to maximize desirable 

when a door is opened. Other measures, sudi as key controls characteristics, such as accuracy and repeatability of robot 

and password authentication are provided to prevent emis- positioning, while minimizing undesird>le characteristics, 
sion of radiation or other potentially hazardous activities, ^ such as unwanted oscillatory excitation of system compo- 

such as motion of robotic systems, without approval of nents. 

authorized personnel. Radiation monitoring and alarm sys- Th© major assemblies of the non-destructive inspection 

tems are provided to detect abnormal radiation levels and and testing structure are the structure itself, preferably a 

provide warning. building and further defining an enclosure, and the inspec- 

One example of a technique used to provide shielding is 45 tion and testing apparatus. A structure is provided to contain 

the penetration shielding areas (for example, walls, doors, the inaction and testing apparatus and the items under 

floors, ceilings, windows, etc.) at an angle sufficient to inspection or testing. The strucmre is preferably composed 

ensure that any radiation substantially perpendicular to the of walls, floor, a ceiling and a hanger door. The walls, ceiling 

plane of the shielding material will be incident upon the and hanger door are designed to attenuate X-ray radiation 
shielding material of which the shielding area is constructed. 59 and neutron radiation. Corbels are provided to support the 

This technique avoids the need to add additional shielding multiple robots. The walls, ceiling and hanger door entrance 

material, such as by packing a perpendicularly bored hole are designed to support the corbels thus permitting transla- 

with additional shielding material. tion across the items under injecting, testing or evaluation. 

A method for design of a non-destructive inspection. The structure is designed to accommodate structural loading 
testing and evaluation ^stem for aircraft and components 55 while maintaining accuracy and repeatability of the robot 

having a precision robotic system is provided. The dimen- positions, i.e., the inspection and testing apparatus over six 

sional and structural requirements of a building are axesof movement within a narrow range of tolerances better 

determined, and a preliminary design for the building is than plus or minus 0.25 inches and preferably better than 

made. The preliminary design for the building is analyzed to plus or minus 0.16 inches. The strucmre accommodates 
identify any frequencies at v^rhich such a building might 60 structural loading of various lypes, for example, floor 

resonate. For example, a technique such as finite element loading, wind loading and loading from the mass of the 

analysis may be employed. Based on the results of the robot. 

analysis, the preliminary design of the building may be The non-destructive inspection and testing system for 

modified lo correct any deficiencies. aircraft components is capable of precise positioning over 
The dimensional, structural, and functional requirements 65 large ranges of motion. The non-destructive inspection and 

for robots to be housed within the building are determined, testing system for aircraft components comprises a beam 

and a preliminary design of the robots is made. The pre- arrangement for supporting and allowing translation of a 
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carriage. The beam is moimted on rails which are attached needed to the effect of providing a steel and concrete header 

to the facihty corbels by the means of end trucks, providing above the door; while, below the ground level provide a 

movement along the length of the facility or X axes. The lateral tie or footer. Such modifications rigidify the side of 

carriage moves along the length of the beam providing Y the structure containing the hangar door to attenuate any 

axes, and a telescoping tube or mast is attached to the j resonate frequencies to acceptable levels for the inspection 

carriage in a vertical position, providing Z axes. At the ofaircraft with the robots. The robot envelope is determined 

bottom of the mast, three axes of movement are provided, by the type of aircraft that would be inspected within the 

pitch, rotate, and yaw of the yoke to which the inspection facility. The envelope is factored in and any resonate fre- 

apparatus is attached. The translations permit the system to quencies are attenuated in order to provide inspection accu- 

scan the intact aircraft to the component level. The carriage lo repeatability. 

is coupled to a mast structure for supporting and allowing Inspection of aircraft wing^ require the control surfaces to 

translation of a yoke. The mast comprises a plurahty of tubes extended to allow tor a total wing inspection. This wing 

that can move telescopically to provide a large range of configuration causes sharp radial surface tums at the fore 

motion in a vertical direction while supporting large and aft ends of the wingsMeading and ^ 

amounts of mass. In one embodiment of the invention, the ,s f"!"^^ "^^''^^/^ """"^ ♦ t^ T ^ ^^^^^f 

beamarrangementisk)catedoverhead,forexample, nearthe ^ ^^.^ '? "J^^J^^ P^T^°^^f ° 

I. -ij' ri- . ju — \— * the part under mspcction. The solution to this problem IS to 

ceiling of the buildmg. The buikhng and beam arrangement ^.^^ ^ ^^^^ ^^^^ ^^^^^ 

form a g^try for s^porting the cama^ and stnicture as ^ articulating member, akin to a double joint, in 

wcU as the yoke which IS mourned on the mast 40. In Ac ^rder to allow the lower arm to tuck underneath the control 

preferred embodiment the yoke includes two members that 20 surface 

may be extended for example telescopically to adjust the p^^her characteristics of the present invention include a 

throat depth of the yoke. Also, one embodiment of the yoke gantry robot having a yoke to which an attached scanning 

is configured to accommodate surfaces that change the apparatus provides the capability to reposition the yoke and 

camber of the wing. In particular oonfiguratioos the first scanning apparatus without the need for aircraft disassem- 

member supports a beam source and the second member 25 bly. The joints of the yoke are gimbalcd, so as to be capable 

supports an imaging device. In an alternative embodiment of articulation, such as each leg of the yoke allows both 

the mast supports a laser ultrasonic scanner. This laser sender and receiver to maintain perpendicular alignment to 

ultrasonic scanner is attached to the mast of the inspection each other. By allowing each leg of the yoke to be raised or 

and testing apparatus and configured with rotational axes to lowered, the scarming apparatus may be extended, used to 

allow scanning in a plurality of directions across complex 30 scan areas of an intact aircraft that would otherwise be 

surfaces of the aircraft or aircraft components. dif&cult or impossible to scan. Yoke configuration also 

Real-time X-ray radiography is accomplished in motion includes telescoping legs to allow the throat depth to change, 

utilizing multi-axis movement of robots to scan at the rate of This change in depth is needed to reach points on an 

one to three inches per second and at three to five times aircraft's wing where the wing root may exceed 27 feet and 

magnification. Any pendulum or sway effect at the bottom of 35 where the outer part of the wing is approximately four feet 

mast (with yoke attached) causes the real-time radiography across. 

image to be un-focus, distorted and unreadable to the OBJECTS OF THE INVENTION 

operator. The problematic pendulum or sway effect is caused , .0 

by two separate resonating frequencies: the first is the AccordmgJy,itisapnmary object of the present invention 

ftmdamental frequency of the robot based upon the mass and 40 ^ Non-Destructive 

rigidity of the robot structure; and the second is the robot InspecUon,1bstmg and EvaluaUon System for Intact Aircraft 

mounting to the housing fadUty which has its own resonat- Compor^nts and method therefore, 

ing frequency when the robot is in motion or multiple of is a ftirther object of this invention to provide a method 

robot in motion or work Providing two separate parallel apparams as characterized above which accurately fiare- 

bridges mounted to single end trucks with carriage strad- 45 corrective measures in a timely manner, 

dling both parallel bridges and the mast located between the ^ is a further object of this invention to provide a method 

two separate bridges yields acceptable results so long as the and apparatus which is easy to use and minimize the need for 

length of the bridge does not exceed a certain length, highly experienced personnel. 

typically fifty feet. Providing a single rail bridge typically It is a further object of this invention to provide a method 

permits a length of the bridge not to exceed ninety-six feet. 50 and apparatus where the diagriosis is repeatable. 

Existing hangar structure would have to be modified or It is a further object of this invention to provide a method 

new facilities would have to be built to attenuate any and apparatus where the system and method can be reliably 

pendulum effect and resonating frequencies that could dis- replicated. 

tort robotic inspection reading3. Facility modification or new It is a further object of this invention to provide a method 

design woukl be based upon three separate requirements: ss and apparams where the results from individual inq>ectors 

seismic; resonate frequency of the facility with the robots in can be subsequently incorporated into a trend analysis data 

motion and the robotic envelope. Site surveys would deter- base. 

mine tbc seismic activity, ground water location, type of soil, it is a further object of this invention to provide a method 

soil compaction and would resuh in building the facilities and apparatus where the analysis does not mandate destnic- 

foundation as an isolation pad. The resonate frequency of the 60 tion of the item examined. 

facility with the robots in a static positions are modeled to -rhese and other objecu will be made manifest when 

evaluate the pendulum effect of the robots and to determine considering the following detailed specification when taken 

the amount of reinforcement of steel and concrete needed to conjunction with the appended drawing figures, 
meet frequency requirements for the facility's bearing walls. 

At Issue is the facilities hangar door. As the robots are moved 65 DESCRIPTION OF THE DRAWINGS 

closer to the hangar door, the pendulum effects become FIG. 1 is a perspective view of I he system according to the 

unacceptable. Therefore, modification to the hangar door are present invention. 
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FIG. LA. details one robotic movemeDt system. resolver 26 were to fail, thereby allowing the operator to 

FIG. 2 is a front view of FIG. 1 for a different airplane. ^"^8^ ^ shock 

T-t-^ 1 A J * -1 1- * r *u wn^ 1 A •! absorbers 54 on the bridge 38 and end-stops 56 on the rails 

HG. 2A details attachment of the HG. lA raiL prevent the bridge 38fiom striking the walls 58. Acrank 

FIG. 3 is a side view of FIG. 2. 5 59 is provided on each end of the bridge 38 as a manual 

FIG. 3A details a vertical mast support. backup motion system to allow the bridge to move without 

FIG. 4 is a top view of the N-Ray system. ""^tor 14. 

FIG. 4A is a section of the mast. J^^^ ^ 2 ^ow the second linear direction (Y-axis) 

r L V where the trolley 60 moves along a span 39 wmcb extends 

FIG. 5 IS a top view of the X-ray system. ^^^^^ ^^^^ 42. Similar to the X direction, a troUey 60 

FIG. 5A is a view of the mast drive system. moves along span 39 in depending relationship. Please see 

FIG. 6 is a side view of the N-ray yoke. FIG. 3A. The span 39 is box-shaped and has spaced parallel 

FIG. 7 is a side view of the X-ray yoke. vertical rails 64 and spaced parallel horizontal rails 68 

FIG. 8 is a side view of the N-ray yoke. ?^"^e an enclosed box TTie weight of the tiolley 60 is 

- . ... ^ t. ^ , IS bearing on its wheels 52 that nde on opposed outer faces of 

FIG. 9 IS a side view of the X-ray yoke. ^ ^ ^^^^ ^ ^^^^^^ 52 

nc. 10 is a side view of the laser yoke. turn, moving the trolley 60 left and right (Y axis) on the span 

FIG. 11 is a front view of the laser addressing the plane. 39. One wheel set 52 rides on a lower edge of one vertical 

FIG. 12 is a front view of the laser addressing the plane. rail 64 and another wheel set 52 rides on a top edge of 

HG. 13 is a top view of the system. 20 opposite vertical rail 64 tolaep the toolley 60 (and thus the 

„^ , . . « , ^ . mast 70) from tilting. The span 39 preferably has an 

HG. 14 IS a flow chart for the system. upwaidiy projecting central ciown 68 (FIG. 2) of about 

DESCRIPTION OF PREFERRED one-half iocb when unloaded and bows one-half inch down- 

EMBODIMENTS wardly when the trolley 60 moves to the middle of the span 

25 39. Thus, the span 39 is therefore normalized (Le., level) 

Considering the drawings, wherein like reference numer- ai^ng the length. If the limit switches 28 in the resolver 26 

als denote like parts throughout the various drawing figures, were to fail, allowing the operator to move the trolley 60 to 

reference numeral 10 is directed to the non-destructive the end of the rails 42, shock absorbeis 54 on the span 39 and 

inspection and testing system for aircraft components end-stops 56 on the span's ends prevent the trolley 60 from 

according to the present invention. 3^ striking the walls 58. Acrank 62 is provided on each troUey 

The Robotic Overhead Positioner (ROP), (e.g., FIG. 1) is 60 as a manual backup system to allow reorientation of the 

a gantry robot that resembles an overhead crane. The ROP trolley 60 along span 39. The trolley's drive is similar to that 

allows movement in three linear directions (X, Y, and Z) and shown in FIG. lA. 

three rotational directions (Yaw, Pitch and Roll to be jhe third linear direction (Z-axis) moves the mast 70 on 

described). Generally, to move in each of these directions, it 35 the trolley 60 up and down via positioner 92, please see FIG. 

uses a variable-speed DC motor 14 (FIG. lA), a gearbox 16, 5^, The mast 70 is preferably capable of hoisting at least 

and a drive mechanism 18 having wheels 52. Power to turn 5000 pounds, and is designed such that the failure of any 

the motor (thus moving the robot) is supplied by a controller single part of the system will not cause its sensor array (to 

20. Each motor 14 has an encoder 22, which tells the be described) at the fre e end o f the mast 70 to fall to the 

controller 20 the distance of travel; and it also has a solenoid ^ bottom of mast travel. As^eeK?FiS^^5B5^^70lisra% 

energized electric disc brake 24, which keeps the robot in a bQx=shape d|inncrAtelea5an >ingt^ 

frozen position whenever the controller 20 is not supplying innei^urfS^fSfiBox'sKSpearSute^^ riding on rails 80 

power to the motor 14. For each direction the robot 12 can on the inner tube 74. As seen in FIGS. 4Aand 5A, the mast 

move, there is also an absolute-positioning resolver 26, 70 is hoisted by dual cables 84 and has two drums 86 (only 

which tells the controller 20 where the robot is via the ^5 one shown); as the motor 14 turns, each drum 86 deploys a 

encoder 22. Limit switches 28 inside the resoNer 26 prevent cable 84, hoisting the inner tube 74. Each drum 86 has a 

the motors 14 from driving the wheeled drive mechanism 18 brake 88 mounted to its drive shaft 89 to prevent the tube 74 

beyond its end of travel. Power to the motors 14 and signals from faUing if one brake 88 should fail. A load sensing 

to the controller 20 arc supplied via cables 32 (FIG. 1), mechanism 90 embodied as an overioad clutch is provided 

which are fully insulated and which have military-standard 50 on the hoisting system brake 88 to stop the mast if a sensor 

connectors. Heavy-duty frictionless bearings 36 are used supporting yoke 100 (e.g., FIG. 2) shouki catch on an object 

throughout to maximize system reliability. as it is hoisted up or down or if there is a system overload. 

Specifically, in the first linear direction (X-axis) (FIG. 1 This load sensing mechanism 90 will also stop die positioner 

and FIG. LA) the bridge 38 moves on the runway 40. The 92 when one component of the hoist system quits operating, 

runway 40 is made of sets of two parallel rails 42 (FIG. 2) 55 For a backup system, each cable/drum system is capable of 

motmted on rail ledges 44 (FIG. 2A). FIG. 2 shows one rail hoisting the mast at full load. If the hoist were to over-^ed, 

42 on each sidewall 46 (and two rails 42 on the central corbel another sensor 94, monitoring amperage would again per- 

43) of the Inspection Bay 48; these rails 42 have adjusters 50 form to trigger an emergency stop. A crank 79 (FIG. 1) is 

for leveling and parallel alignment. Please see FIG. 2A. provided on each mast 70 as a manual backup motion 

The wheels 52 support bridge end trucks 38, a pair of 60 system, 

wheels 52 on each end, and ride on the rails 42. Eacb pair ^I h fjggi rotatiQnal ^ a xesiar^cj^ inco r^ 

of wheels has its own motor 14 and its own resolver 26. The "^tiSniyokeflOOl^ Please see FIGS. 6 through 9. The yoke 100 

bridge 38 encloses and supports the drive mechanism 18. As is a C-shaped structure with an adjustable mouth M which 

the motors 14 turn, the wheels 52 turn, moving the bridge 38 spans the gap between the sources and receiver. TWo X-ray 

back and forth on the rails 42. The dual motor 14/resolver 26 65 sources 102, 104 (FIGS. 7 and 9), having dififering outputs 

scheme enables the controller 20 to avoid the bridge 38 are mounted on the top support 101 of the yoke 100 and (he 

skewing off the rail 42. If the limit switches 28 in the image receiver 106 is mounted on the bottom by arm 103; 
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the yoke 100 also supports a collision-avoidance paneling gun 150 to that specific area. Heat out generation is moni- 

110. The paneling is a pressure sensitive sheath and is tored by an infrared pyrometer 151 in order not to exceed a 

mounted on all lower extremities of the mast 70. The limit, preferably 160 degrees F. on the structure where the 

pressure sensitive paneling prevents gross contact with the heat is being applied. If moisture is present, the applied heat 

aircraft by mandating a stop signal in the presence of a 5 causes migration of the fluid away from the heat source due 

triggering pressure. During the scanning of the aircraft to expansion of the air within the heated structure area. Heat 

surfaces, the surface (e.g. wing) is positioned between the images are taken before and after heating. Alternate "before 

X-ray 102, 104 (and N-ray 108, FIGS. 6 and 8) sources and and after*' images flash on the operator's CRT screen and 

the imager 106. A film source 107 may supplement or image picture subtraction is accomplished. The difference 

supplant the imager 106. allows the operator to watch moisture migration. This pro- 

The first rotational axis 112 (Yaw) rotates the inspection cedure is important in locating the water entry paths within 

yoke 100 in a horizontal plane at the bottom of the mast 70. the aircraft structure or component. 

The second rotational axis 114 (Pitch) pivots the inspection A laser ultrasonics apparatus, 130 is also mounted to the 

yoke 100 in a vertical plane at the bottom of the mast 70. The gantry robot system 12. Like the yoke ICO, the apparatus 130 

third rotational axis 116 (Roll) rotates the inspection yoke (FIG. 10) is coupled a carriage 132 (FIG. 2) and a mast 134 

100 in a plane at the end of the pitch axis; this plane is mounted to the carriage 132 with rotational axes as 

oriented perpendicular to the pitch axis. Note X-ray 102, 104 described for the previous trolley and mast. The ultrasonic 

and N-ray 108 can be independently rotated about 116a. laser apparatus 130 allows X (along line L),Y (up and down 

Further, each arm (e.g. bottom arm 103, side arm) can along line G), and rotational movement (e.g. about arrows 

change in length as shown by double ended arrows "A" in 20 112, 114, 116) by using stepper motors 135. The rotational 

FIGS. 8 and 9. Also note that link 117 connecting bottom movement of the laser ultrasonic apparatus allows it to reach 

and side arms 103, 113 can rotate about curved arrow "C underside areas of the fiiselagp while being support by the 

to adjust the dimension of adjustable mouth M, in oonjunc- gantry robot system 12 that is above the fuselage. Please see 

tion with the telescoping arm's length along arrow "A". FIGS, 10, U and 12. A mirror 136 receives laser energy L 

The X-ray sources 102, 104 are mounted on a movable 25 ^^om within bousing 130 and distributes the energy on the 
support to allow only one of the two sources to be aimed at scanned surface by mirror rotation, indexing and mast 
the imager 106 at one time by rotation about 116a. This rotation and scanning (FIG. 12). Reflected laser light pro- 
support, called a turret 120 (FIG. 7), is rotated 90 degrees by vides further diagnostics. 

a stepper motor 122 (shown schematically in FIG. 9). Only Each individual robot has a "home" position to verify 
the X-ray source aimed at the imager 106 may be activated 30 accuracy and to correct possible relocated robot movement 
unless a permanent record is desired via a film source 107 (such as from earthquakes). An example of this is the home 
which rotates in the place of imager 106, Alternatively, the position fixture for the X-ray and N-ray inspection system, 
film source 107 can rotate about axis 119 (arrow 119a, FIG. The home position fixture is preferably inverted "L" shape 
7) to orient the fihn source 107 to the X-ray 102, 104. The flat plate steel 180 (FIG. 2) whose vertical leg ISOb is 
X-ray sources 102, 104 are indexed into position as a 35 attached to the wall 46 with approximately four feet over- 
function of the object being scanned, its thickness, and its hang provided by horizontal leg ISflto from the walL The flat 
composition (e.g. composition versus metal). The imager steel plate overhang horizontal leg 180a is parallel to the 
106 is an image intensifier, which directs the X-ray image to concrete facility floor. A small 0.030-inch hole 181 is drilled 
the control room operator CRT screen. The bottom arm 103 through the center of the overhang plate 180a. Wlh the 
may also carry another type ofX-ray imaging system 111 far 40 X-ray system on, the operator CRT screen contains 
backscattcr X-ray (reverse geometry X-ray). The sender unit crosshairs (like a hunting rifle scope) to locate the crosshairs 
111 is shown mounted adjacent imager 106. Photo- in the center of the overhang 0.030-inch hole at 5x geomet- 
multq)lier tubes 109 (FIG. 1) are positioned inside the rfc magnification. This provides a home position initializa- 
aircraft to receive digital images from the sender 111. tion step (calibration) and is preferably performed prior to 
Receivers 105 are also placed on the inside of the production 45 each and every aircraft inaction and also for all robots and 
aircraft structures and direct digital imaging information to each inspection method (X-ray, N-ray and Laser 
be sent to the control room operators. Yoke manipulative and Ultrasonics). Laser alignment relies on a uniform thickness 
imaging capabilities specified for either the N ray or X ray plate 183 having at least two variations Vj and from the 
could be incorporated in the other. uniform thickness at known locations. The laser when 
Because of the varying change in the thickness of aircraft 50 scanning the variations (e.g. a counter-bore) should reflect 
internal structures (such as wings), the X-ray source output the known variations as a function of relative length and 
(KVP Kilovoltage Penetrating Power, MA Milliamps distance. In FIG. 2A, rails 42 can be aligned by oval slots 51 
Current) is controlled by robotic coordinates to allow ramp allowing motion of rail 42 relative to its support plate 44. A 
up or ramp down of X-ray penetrating power. This allows J bolt supports rail 42 and plate 44 in wall 58. A threaded 
clear and precise imaging. It also allows the operator to ss free end of J bolt 50 includes washers W and nuts N for 
focus attention to the viewed images and not constantly vertical and lateral truing. 

adjusting output due to the chaise in the aircraft structure As previously stated, the present invention has at least one 

material thickness. More importantly, each and every air- and preferably three or more robots. The use of multiple 

craft is inspected exactly the same (standardization). robots provides several advantages. Firstly, multiple robots 

The yoke 100 also contains a heat gun 150, somewhat like 60 allow simultaneous inspection of several areas of an aircraft, 

a hair dryer. This is used on both the X-ray and N-ray yokes thereby reducing the lime required to inspect an aircraft, 

to allow the operator to verify and distinguish the presence Secondly, multiple robots avoid the need for a single long 

of moisture, water or fuel inside the aluminum or composite supporting beam, which would reduce positioning accuracy 

bonded structure. Current industry NDI or NDE methods and repeatability. Thirdly, multiple robots allow each robot 

cannot distinguish the difference between motsiure and 65 to be specifically designed to inspect particular areas of an 

sealant. Once a defect area is detected by either the X-ray or aircraft, thereby allowing accommodation of special 

N-ray inspection method, heat is applied by the yoke's heat attributes of the various areas. 
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Corbels 12, 43 and rails 42 are provided to support and a preliminary design of the end effectors is made. The 

mult^)le robots. The walls 58, ceiling 59, and hanger door preliminary design of the end effectors is analyzed to iden- 

entranoe 61 are designed to support the corbels and rails, tify any frequencies at which such end efifectors might 

which permit linear translation. The location of the corbels resonate. Any interruption between other elements, such as 
within tlK^ structure, e.g., an aircraft hanger, is designed to 5 the building or the robots, is analyzed. Based on the results 

accommodate structural loading (due to weight of the robot, of the analysis, the preliminary design of any or all of the 

robotic movement yielding unaccepted resonate building, robots, or end effectors may be modified to oontct 

frequencies, etc.) while maintaining accuracy and repeat- any deficiencies. 

ability of robot position over six axes of movement within Another factor to be considered is the type of earthquake 
a narrow range oftolerances to ±0,160 inches. The structure lO region in which the fadKty is to be located. Different 

accommodates structural loading of various types, for earthquake regions may exhibit earthquakes having different 

example floor loading, wind loading and loading from the characteristics, for example earthquakes have vibration and 

mass of the robots. motion of predomioantfy a certain frequency range. This 

Hie inspection &cility is designed to protect personnel frequency range is determined for the location at which the 
from radiation hazards (including X-rays and neutrons). facOity is to be located based on geological data. The 
Shielding 63 (FIG. 2A), inchiding shielding of walls, doors, preliminary designs of the building, robots, and end effectors 
and windows is provided. Interlocks 2Q1 (FIG. 3) are are analyzed base on anticipated excitation from earth- 
provided to prevent the emission of radiation when person- quakes. Based on the results of the analysis, the preliminary 
nel might be endangered, such as when a door is opened. design of any or all of the building, robots, or end effectors 
Other measures, sudi as key controls and password authen- 20 may be modified to correct any deficiencies, 
tication are provided to prevent emission of radiation or When the preliminary designs of the buildings, robots, 
other potentially hazardous activities, such as motion of and end effectors are completed, modeling of the entire 
robotic systems, without approval of authorized personnel. system may be performed to assure accuracy and repeat- 
Radiation monitoring and alarm systems 203 are provided to ability of robot positioning. Oscillatory excitation of the 
detect abnormal radiation levels and provide warning. 25 system components resulting from robot motion and accel- 

One example of a technique used to provide radiation eration and deceleration may be analyzed. Designs of the 

safety even though the walls, doors, ceiling and viewing system components may be modified to maximize desirable 

windows are designed to accept maximum radiation at a characteristics, such as accuracy and repeatability of robot 

distance of three feet, is not allowing the X-ray or N-ray positioning, while minimizing undesirable characteristics, 

sources to be aimed at these surfaces. The robot positioners such as unwanted oscillatory excitation of system compo- 

only allow the radiation source to be aimed toward the nents. 

concrete bay floor 57, or aircraft structure. This is accom- An NDI, NDT or NDE system or process having the 

plished by programming the robotic movement throughout characteristics of the present invention preferably contains 

the facility. Other than in the scan plan during the aircraft the steps to perform the method fiir the non-dcstnictivc 

inspection operation, the radiation sources are non- inspection and testing of aircraft intact or components 

operational. TTiis is called the "Robotic Approach." Both including a database comprising at least one profile of a 

X-ray and N-ray sources arc on/off systems; neither source prototypical aircraft or component (a comparison standard), 

can be energized other than at the beginning of the scan plan maintaining an enclosure at constant environmental condi- 
inspection operation or calibration. Override of this radia- ^ tions as to temperature, humidity, pressure, etc., and placing 

tion protection system is accomplished for robot or source at least one aircraft or component into the enclosure for 

maintenance purposes only and controlled by software code comparison with the standard. 

known only to the &st level supervisor and maintenance ^..^^y ^^^^ , ^^^^^^^ established for 

persoimel. ^^^^ configuration of aircraft such as the Boeing 727, 737 or 

A method for design of a non-destructive inspection, 757. Also the length and height of the aircraft may vary and 

testing and evaluation system for aircraft component having is identified by model and series such as the Boeing 737-100 

a precision robotic system is provided. The dimensional and or 737-400, Each model and series aircraft is located to a 

structural requirements of a building are determined, and a specific spot for the nose gear and main landing gear tires 

preliminary design for the building is made. The preliminary centerline and Uned on the floor. Other production inspec- 

design for the building is analyzed to identify any frequen- tion aircraft of the same model and series wiU also use the 

cies (earthquake zones) at which such a building might line on the floor for rough positioning. The aircraft is then 

resonate. For example, a technique such as finite element jacked into position using jades 205 (FIG. 3) taking the load 

frequency analysis may be empbyed. Based on the results off of the Ures and actuators. Thus, the aircraft becomes 

of the analysis, the preliminary design of the buikling may fixed in position and can no longer move due to tire pressure 

be modified to correct any deficiencies. changing because of environmental changes or toss of 

The dimensional, subdural, and functional requirements hydraulic pressure in the acmators. \^sion edges 210 (FIGS, 

for robots to be housed within the building are determined, 2 and 3), with two straight metal edges, 90 degrees to each 

and a preliminary design of the robots is made. The pre- other are attached to the aircraft's wing tips; horizontal 

liminary design of the robots is analyzed to identify any stabilizer, outer leading edges and/or to other parts of the 
frequencies at which such robots might resonate. Any inter- gQ aircraft. The location of these vision edges are checked 

action between the resonant frequencies of the building and against the standard for initializing the system and to iden- 

the resonant frequencies of the robots are analyzed. Based Ufy the type and model of aircraft to be inspected and also 

ontheresultsof the analysis, the preliminary design of either detect gross distortion and torsion of the airframe to be 

or both of the building and the robots may be modified to inspected. Thus, the vision edges define reference markers, 
correct any deficiencies. 55 £3ch robotic imaging system such as the N-ray, X-ray and 

The dimensional, structural, and fijnctional requirements Laser Ultrasonics has a vision system, which allows the 

of any end effectors mounted on the robots are determined, robot the ability to locate the aircraft within the robotic 
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envelope. Scan plans are taught to each robot For example, placing at least one aircraft component into the endosuie; 

the X-ray robot is taught the angle of attack to inspect the allowing suflScient time to permit the aircraft component 

wing internal structure for cracks such as in the inspection jq reach the constant environmental conditions; 

of the wing ribs and spars or taught to inspect the bonded reference markers on specific areas of the aircraft 

structure on the same wing such as thcleadiog edge, ^oilers 5 component; 

or flaps. Each scan plan is broken down to the aircraft j. , r.i_ r i 

component or panel level. Each component or panel has its readmg the locaUon of the reference markers; 

own beginning point for a particular scan. This is known at comparmg said rcadmg with said at least one profile; 

the zero-zero coordinates. Defects are noted within the reporting the resultant of said comparison, 

component or panel to exact X and Y-axis part coordinates lo 2. The method of claim 1 forther including configuring the 

for follow-on repair purposes or for tracking the defect aircraft component as an entire airplane; 

growth over time. placing the reference markers including locating the 

Scan plans arc diflferent for each robotic imaging method markers on the airplane's wing tips, horizontal 

such as for N-ray, X-ray or Laser Ultrasonics because of the stabilizer, and outer leading edge, 

field of view and the area of interest due to the type of 15 3. The method of daim 2 farther induding forming the 

aircraft structure. Nonetheless, the X and Y-axis coordinates markers as vision edges defined by two straight metal edges, 

on the component or panel remains the same. This allows the 90 degrees to each other. 

results of each inspection method pC-ray, N-ray, Reverse 4. The method of daim 2 further mcluding jadcing the 

Geometry and Laser Ultrasonics) to be identified on a master load oS tires and actuators of the airplane to ofiEset tire 

layout; over laying the results of the insertioDS to identify 20 pressure and hydraulic pressure variation, 

multi-site damage and to download the results of each 5- The method of clainn 2 further including scanning 

aircraft inspected to overlay on the same component or panel portions of the airplane using a laser and developing laser 
for determining trend analysis and model aircraft fleet 

condition. Please see FIG. 14. method of claim 5 further including comparing 

Once the whole aircraft has been Uught to the system of " devel^d data with a standard, 

the presem invention, the scan plans of each NDI method J"^*^ f ^ fiirther mcludmg scamnng 

can be appUcd in part or whole on foUow-on aircraft to be P^^ions of the airplane using neutron radiation and devcl- 

inspected (production aircraft). Production aircraft are not oping neutron radiaUon data 

absohitely requited to be jadced in place for stabilization. ^ ^'^l,^ ^ companng 

TTieaircrBftisk)catedwithinthefadntytotheUnemarkings ^« . . i ^. 

onthefloorplusorminuseightindies.'nierobotthenseeks ^ ^he method of clami 2 fiirther mcluding scanmng 

to tocale the vision edges on the aircraft. Once located, the P^°°* ^^^^^ "^^6 ^'^V developmg x-ray 

robotautomatically recognizes v^ere the taught aircraft was ^ 

in reference and where foUow^n production aircraft is , ?»^*°*? °^ ^J"^""' inchidmg companng 

located. This is called an oflEset and is transparent to the ^evebped data with a standard. 

system operators. Scan plan accuracy is 0.160 thousands of ^ Tlie method of dami 2 fiirther mcludmg scanmng 

an indi on all production aircraft. Because no two aircraft P^^io^s ^^^^^ f "^^^ geometry and dcvcl- 

areexactlythcsame,thesystcmopcratorcanmanually align ""^"^f ^^"^ ET^^^ u ■ 

the tdbot by joystick control to the begimiing zcro-zcro , ^; ^^^^^^^ "^^^^"^S companng 

coordinates on each and every component, aUowing 0.160 ^ ^^^t^P^^ . • , 

thousands of accuracy of scan for each component from , TTie method of clami 2 fiirther scannmg the airplane 

aircraft to aircraft anomalies against a standard and stormg data derived 

, .* , , t . . . 1 , , during scanning as to location and airplane type. 

Moreover, hzvmg thus described the mvenlioii, it should ^^^^ ^^^^ including comparing 

be apparent that numerous structural modifications and ^^^^^^ ^ .^^j^ ^^ j„ 
adaptations may be resorted to without departmg from the 

scope and fair meanmg of the instant invention as set forth ^he method of claim 13 fiirther induding placing the 

hereinabove and as described herembelow by the daims. s^anneron a support and moving the seamier in three linear 

Iclaun: _ directions and three rotational directions through the sup- 

1. A method for the non-destructive mspectton and testing ^ 

Of aircraft components, the steps inchiding: ^^^^^ ^^^^^^ j5 ^^er including scanning for 

creating a database comprising at least one profile of a anomalies in the integrity of the airplane without destroying 

prototypical aircraft component; the integrity, 
maintaining an enclosure at constant environmental con- 
ditions; * « * * * 
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